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ABSTRACT 
The development of group-IV semiconductor lasers has attracted significant attention in 
recent years, since it represents the key missing ingredient for the large-scale monolithic 
integration of electronics and photonics in a CMOS-compatible fashion. The main 
challenge is to convert the indirect-bandgap group-IV materials into efficient light 
emitters. Many researchers have focused on improving the light emission efficiency of 
these materials in the near-infrared (NIR) spectral region, to replace the existing chip-to-
chip communication technology with optical links. At the same time, group-IV lasers 
operating at mid-infrared (MIR) wavelengths also possess many important applications, 
mainly in the area of chemical and biological sensing, such as trace-gas detection, 
environmental monitoring, medical diagnostics, and industrial process control. 
Motivated by these applications, here I focus on improving the light emission efficiency 
of germanium (Ge). The small energy difference between its direct and indirect bandgaps 
can be further decreased with the introduction of tensile strain, leading to significantly 
improved radiative efficiency. At the same time, the bandgap energy shifts into the 
technologically important 2.1-2.5 J.lm MIR atmospheric transmission window. At 1.9% 
Vll 
tensile strain, Ge even becomes a direct-bandgap semiconductor. In this work, tensile 
strain is introduced in Ge nanomembranes (NMs), i.e. , single-crystal sheets with 
nanoscale thicknesses, through the application of mechanical stress. Our strain-resolved 
photoluminescence (PL) measurements performed on these NMs demonstrate a 
significant red-shift and enhancement in the emission spectra with increasing strain. PL 
measurement results obtained with a 24-nm-thick NM also reveal that the membrane is 
converted into direct-bandgap Ge with the application of 2% tensile strain. Furthermore, 
theoretical analysis of the high-strain PL spectra shows that population inversion can be 
achieved in these ultrathin NMs with gain values as high as 300 cm·1• Two-dimensional 
periodic structures fabricated on the top surface of such membranes result in further 
enhanced light collection through first-order diffraction of the in-plane emitted 
luminescence. Furthermore, the cavity modes of these periodic structures are also 
resolved in the strain-dependent PL ~pectra. These results are promising for the 
demonstration of Ge NM lasers operating in the technologically important 2.1-2.5 J.lm 
spectral region for potential applications in biochemical sensing and spectroscopy. 
Vlll 
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CHAPTER I 
Introduction 
1.1 Group-IV Semiconductor Photonics 
Silicon (Si), a group-IV semiconductor material, has been the key building block of the 
devices based on microelectronics technology that we extensively use in our daily life, 
such as computers and cell phones. It is the second most abundant element in the earth's 
crust, which makes the Si microelectronics technology very cost efficient. Furthermore, 
the existence of a high-quality native oxide on Si (Si02) is another reason for the success 
of the Si metal-oxide-semiconductor field effect transistors (MOSFETs) comprising this 
technology. Despite its obvious advantages in microelectronics, Si is not a suitable 
material to fabricate light emitting components, such as lasers, due to its very poor 
radiative efficiency. _Similarly, other group-IV semiconductors, which are compatible 
with the complementary-metal-oxide-semiconductor (CMOS) technology widely used in 
microelectronics, are poor light emitters due to their indirect energy bandgaps. As a result, 
group-IV light sources constitute the key missing ingredient among the components, 
illustrated in Figure 1.1 , needed for the monolithic integration of the electronics and 
photonics on Si chips. 
1 
ig_ ~ So 11 e e 
Figure 1.1 The building blocks of Group-IV photonics (retrieved from www.intel.com) 
Several different materials and methods have been introduced in recent years to obtain 
light emitters on Si motivated by important potential applications of the resulting 
integrated systems especially at infrared wavelengths. 
1.1.1 Near-Infrared Group-IV Photonics 
One of the biggest motivations of group-IV photonics is to build an environment to 
provide chip-to-chip optical communications in a CMOS compatible fashion. Such a 
technology needs the development of group-IV lasers operating at fiber optic 
communication wavelengths, near 1.55 11-m. Several different approaches have been 
introduced for this purpose including Si Raman lasers (Boyraz and Jalali 2004; Jones, 
Rong et al. 2005; Rong, Jones et al. 2005; Rong, Xu et al. 2007) and rare-earth-doped Si 
light emitting devices (Jambois, Gourbilleau et al. 2010). Hybrid solutions also exist that 
2 
are based on bonding III-V lasers on a Si substrate (Park, Fang et al. 2005; Roelkens, Van 
Thourhout et al. 2006); however this technique cannot be implemented on a wafer scale, 
and therefore is not cost-efficient. Similarly, III-V lasers have also been fabricated on 
buffer layers epitaxially grown on Si (Groenert, Leitz et al. 2003; Groenert, Pitera et al. 
2003; Cerutti, Rodriguez et al. 201 0). The most attractive approach that has been 
introduced so far is the electrically pumped degenerately doped germanium (Ge) laser on 
Si operating at around 1.55 J.lm (Camacho-Aguilera, Cai et al. 2012). It includes another 
group-IV material (Ge), which can be fabricated on Si in a fully CMOS compatible 
fashion. 
1.1. 2 Mid-Infrared Group-IV Photonics 
Group-IV semiconductor mid-infrared (MIR) light sources so far have not attracted as 
much attention as their near-infrared (NIR) counterparts. However, a wide range of 
important applications also exists for group-IV MIR optoelectronics, particularly in the 
area of biological and chemical sensing (e.g., for trace-gas detection, environmental 
monitoring, medical diagnostics, and industrial process control), as well as spectroscopy 
and ~ecure free-space optical communications. Importantly, all of these applications 
could benefit strongly from the large-scale integration of electronic and photonic 
functionalities, as enabled by group-IV semiconductor photonics. (Soref 2010) For 
example, group-IV MIR lasers may enable the development of highly integrated optical 
sensors comprising the required light sources, optics, and detectors, as well as read-out 
and data-processing electronics all on the same materials platform. Such systems could 
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provide unparalleled miniaturization compared to existing hybrid solutions, and therefore 
be employed in presently inaccessible environments. 
A promising materials system for the fabrication of group-IV MIR lasers that can be 
monolithically integrated on Si is Si I-x-yGexSny. This ternary alloy can be converted into a 
direct-bandgap material with bandgap energies in the MIR wavelength range by choosing 
appropriate values for x andy. It has been reported that GeSn and SiSn can also feature a 
direct energy bandgap if the Sn composition is >9% and >28%, respectively. SiGeSn I 
GeSn I SiGeSn double heterostructures (Sun, Soref et al. 2010a) and GeSn I SiGeSn 
multi-quantum-well diodes (Sun, Soref et al. 2010b) have in fact been designed and 
simulated for the purpose of developing MIR laser. In practice, however, the growth of 
Sn-based semiconductors (particularly the binary compounds) is complicated by stability 
Issues. 
Another materials system that can allow monolithic integration on Si chips at MIR 
wavelengths is strained Ge (Fischetti and Laux 1996; Menendez and Kouvetakis 2004; 
Liu, Sun et al. 2007; Lim, Park et al. 2009; Zhang, Crespi et al. 2009; El Kurdi, Fishman 
et al. 201 0; Pizzi, Virgilio et al. 201 0; Aldaghri, Ikonic et al. 20 12; Tahini, Chroneos et 
al. 2012). In particular, the introduction of biaxial tensile strain in Ge can be used to 
decrease the energy difference between its direct and indirect bandgaps, leading to 
significantly improved radiative efficiency. At the same time, the Ge bandgap energy is 
tuned as a function of the introduced strain, giving an opportunity to obtain a CMOS 
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compatible light source at wavelengths in the range of around 1.5 f.!m - 2.5 f.!m, which 
spans the fiber-optic communication range as well as the short-wave MIR region for 
biochemical sensing. In this thesis, we focus on the theoretical light emission properties, 
fabrication and optical characterization of strained Ge light sources operating at MIR 
wavelengths. 
1.2 Strained Germanium: A Promising Materials Platform for Group-IV MIR 
Photonics 
Germanium, a group-IV semiconductor material, has the diamond crystal structure with 
. . 
lattice constant of 0.5658 nm. It offers a wide range of established and potential 
technological applications of high relevance and impact. In microelectronics, the large 
mobility of both electrons and holes in bulk Ge is attractive for the purpose of increasing 
the speed and drive current of CMOS-based logic devices (Chui and Saraswat 2007). 
Traditionally, the widespread development of Ge MOSFETs has been limited by the lack 
of a stable native oxide for gate insulation (in contrast to Si02 on Si). The recent focus on 
high-k dielectrics as a means to enable continued device miniaturization has, however, 
opened the door to potential high-mobility replacements for Si as the channel material, 
and among these Ge has the advantage of direct CMOS compatibility. In optoelectronics, 
Ge is already a well-established photodetector material for use in on-chip data 
distribution, thanks to its ·strong interband absorption at NIR optical communication 
wavelengths, and again to its direct compatibility with the Si microelectronics platform 
(Michel, Liu et al. 2010). Additional device applications within the emerging field of 
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group-IV photonics, including light emitters (Boucaud, El Kurdi et al. 2013a), lasers 
(Liu, Kimerling et al. 2012) and solar cells (Posthuma, van der Heide et al. 2007), are 
being widely investigated. 
As in other crystalline materials, the transport and optical properties of Ge can be 
engineered for enhanced device performance through the controlled introduction of 
strain. The underlying idea is that the electronic band structure of a crystal, which 
determines its key measurable properties, depends not only on the chemical nature of the 
constituent atoms but also on their spatial arrangement, which in turn is directly modified 
I 
by the presence of strain. Strain can be used to lift degeneracies in the band structure at 
high-symmetry points of reciprocal space, thereby suppressing intervalley and interband 
scattering, and to modify the curvature of energy bands near their extrema, and therefore 
the effective masses relevant to electronic transport. These ideas have already been 
widely applied to group-IV semiconductors (including Ge as well as Si and SiGe) to 
produce significant carrier mobility enhancements, leading to improved MOSFET 
performance (Lee, Fitzgerald et al. 2005; Chu, Sun et al. 2009). 
What is particularly remarkable for Ge is that strain can also be used to modify the very 
nature of its fundamental energy bandgap, leading to a dramatic change in its optical 
radiative properties. As is well known, unstrained Ge is an indirect-bandgap 
semiconductor, with the valence-band maxima occurring at the r point of reciprocal 
space (where the crystal wavevector k is zero), whereas the conduction band has four 
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degenerate absolute minima at the L points (i.e. , on the boundaries of the first Brillouin 
zone along the (111) directions). Electron-hole recombination between these band 
extrema involves a very large change in the electronic momentum hk that cannot be 
simply transferred to a photon, as photons carry negligible momentum compared to 
carriers in a semiconductor. As a result, unstrained Ge is an extremely inefficient light 
emitter. At the same time, a local conduction-band minimum also exists at the r point, 
which can be lowered in energy relative to the L valleys through the application of tensile 
strain until (around 1.9% biaxial strain) Ge becomes a direct-bandgap material (Soref and 
Friedman 1993). This behavior is illustrated in Figures 1.2( a) and 1.2(b ), where we show 
schematically the band structures of unstrained Ge and Ge under 1.9% biaxial tensile 
strain, respectively. In other words, the band structure of Ge is so· sensitive to the 
interatomic separation that if the lattice is made about 1.9% larger, the band edges move 
sufficiently (and differentially) so that the minimum at the r point becomes the absolute 
conduction band minimum. Under these conditions, a large fraction of the electrons in the 
conduction band reside near the r point, where they can efficiently recombine with the 
holes in the corresponding k=O valence-band maxima via light emission. Tensile strain 
not only enhances the emission efficiency but also red-shifts the emission wavelength 
into the MIR spectral region, making strained Ge a promising material for the 
development of group-IV MIR lasers. The difficulty, of course, is that a bulk piece of Ge 
cannot be strained to the reqired levels without fracturing. 
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Figure 1.2 Strain-induced modifications of the Ge band structure. (a) Schematic band structure of 
unstrained Ge. (b) Schematic band structure of Ge under 1.9% biaxial tensile strain in a { 1 00} 
plane. 
1.3 Techniques to Strain Germanium 
Several different techniques have been proposed to introduce sufficiently high tensile 
strain in Ge to improve its optical properties. The traditional approach of heteroepitaxy is 
not immediately applicable, as the most commonly used growth templates for Ge (i.e., 
compositionally graded SiGe layers grown on Si) have smaller in-plane lattice constants, 
and therefore produce compressively rather than tensilely strained Ge epilayers. The 
growth of Ge on different templates, including InGaAs (Huo, Lin et al. 2011; Jakomin, de 
Kersauson et al. 2011; de Kersauson, Prost et al. 2013) and SiGeSn (Menendez and 
Kouvetakis 2004; Fang, Tolle et al. 2007), has recently been investigated to create tensile 
strain in Ge. At the same time, alternative methods for straining Ge have been developed, 
based on the application of mechanical stress via external pressure (Cheng, Peng et al. 
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201 0; El Kurdi, Bertin et al. 201 0; Sanchez-Perez, Boztug et al. 2011; Boztug, Sanchez-
Perez et al. 20 13a; Boztug, Sanchez-Perez et al. 2013 b), mechanical grinding of 
nanocrystals (Nataraj , Xu et al. 2010), or through the use of suitable stressor layers (de 
Kersauson, El Kurdi et al. 2011 ; Nam, Sukhdeo et al. 2011 ; Jain, Hryciw et al. 201 2; 
Boucaud, El Kurdi et al. 2013b; Capellini, Kozlowski et al. 2013 ; Nam, Sukhdeo et al. 
2013; Suess, Geiger et al. 2013). 
I. 3.1 Heteroepitaxial Growth 
Strain engineering in electronic and optoelectronic device fabrication is generally based 
on heteroepitaxy, whereby a thin film is grown on a host substrate having a different 
lattice constant. As long as the film thickness is kept below the critical thickness for 
plastic deformation, the growth proceeds in a pseudomorphic fashion and the film is 
strained as it adjusts to the substrate in-plane crystal structure. The tensile strain required 
to make Ge direct-bandgap is, however, significant and it is no easy matter to 1) find 
substrates with appropriate lattice constants to serve as templates, and 2) to grow a 
sufficiently thick film without the introduction of massive numbers of dislocations, 
which, of course, relax the strain. Very thin layers of Ge can be grown 
pseudomorphically on SiGe substrates that are formed via compositionally graded 
deposition of SiGe on Si (Currie, Samavedam et al. 1998). This procedure, used routinely 
for growing tensilely strained Si, results in compressively rather than tensilely strained 
Ge, because Ge has a larger lattice constant than SiGe, and thus this approach does not 
suit the purpose of creating direct-bandgap Ge. Tensile strain in Si does not achieve the 
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same end, as the conduction-band minima of Si are too far apart in energy and do not 
move appropriately with strain (Euaruksakul, Li et al. 2008). In any case, compositionally 
graded SiGe substrates contain mosaic features (microcrystalline tilts) and strain 
inhomogeneities, both caused by dislocation formation during the compositional grading, 
that ultimately create defects in the strained Si or Ge films grown on top of these 
substrates (Mooney, Jordan-Sweet et al. 1999; Paskiewicz, Tanto et al. 2011 ; Evans, 
Savage et al. 2012). 
A small amount of tensile strain can be induced in Ge if it is grown on Si and allowed to 
relax plastically (i.e. , via formation of dislocations) at the high growth temperature (~900 
°C), and subsequently cooled, because of the large difference in thermal expansion 
coefficients between Ge and Si. The maximum tensile strain that can be obtained in this 
manner is limited to ~0.3% (Cannon, Liu et al. 2004). This amount of strain is 
nevertheless useful, even with the induced dislocations: in fact, the combination of this 
approach with highly degenerate n doping to raise the electronic quasi-Fermi level has 
led to the recent demonstration of an electrically pumped Ge diode laser (Camacho-
Aguilera, Cai et al. 2012). 
Alternative growth template materials with lattice constant close to but somewhat larger 
than that of Ge, such as InGaAs (Huo, Lin et al. 2011; Jakomin, de Kersauson et al. 2011 ; 
de Kersauson, Prost et al. 2013) and GeSn (Fang, Tolle et al. 2007), have also been 
investigated. For example, a tensile strain of up to ~ 0.25% was obtained in Ge grown on 
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a GeSn buffer layer deposited on a Si substrate by chemical vapor deposition, with the Ge 
strain depending on the buffer thickness and composition (Fang, Tolle et al. 2007). 0.5% 
tensile strain was introduced in Ge grown on an InGaAs template layer on GaAs with In 
concentration of 9.8% (Jakomin, de Kersauson et al. 2011). In the same work, the Ge 
room-temperature photoluminescence (PL) spectrum was found to red-shift with 
increasing In concentration of the substrate, consistent with the resulting increase in 
tensile strain in the Ge film. The classical approach of using a compositionally graded 
substrate, here InGaAs layers with increasing In concentration deposited on GaAs and 
annealed at each step to reduce dislocations, produced much higher biaxial tensile strain 
values in Ge (Huo, Lin et al. 2011). For a 10-nm thick Ge film pseudomorphically grown 
on such an InGaAs substrate, with 40% In concentration, a biaxial tensile strain of 2.33% 
(as measured via x-ray diffraction and Raman spectroscopy) was reported. This value is 
well above the expected threshold for direct-bandgap behavior (1.9%). Note that the Ge 
film is very thin, as otherwise it would exceed its critical thickness. Nevertheless this Ge 
film would be expected to have threading dislocations throughout it emanating from the 
substrate, as well as a mosaic (microtilt) structure and lateral strain inhomogeneities in 
the substrate (similar to those found in tensilely strained Si epitaxially grown on 
compositionally graded SiGe substrates) (Mooney, Jordan-Sweet et al. 1999). A large 
increase in the overall PL peak intensity relative to a similar unstrained Ge sample was 
reported (greater than 20x), but only at cryogenic temperatures and without the large red 
shift expected from theoretical considerations. The authors did not persuasively comment 
on the lack of a red shift or the rapid extinction of the PL with increasing temperature. 
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The causes may be related to the extended defects in the grown film that one would 
expect from the compositionally graded substrate that was used. 
1. 3. 2 Use of Stressor Layers 
Tensile strain in Ge can also be obtained via the deposition of suitable stressor layers. 
Typically, these layers consist of material under large compressive strain, which is then 
allowed to relax partially via elastic strain sharing with the Ge film. As a result, tensile 
strain is introduced in the Ge. An example of a suitable geometry that allows for such 
elastic strain relaxation to take place is illustrated schematically in the cross-sectional 
image of Figure 1.3(a). This geometry has been demonstrated recently using tungsten 
(which can be deposited with a compressive stress of approximately 4 GPa) as the 
stressor layer (Nam, Sukhdeo.et al. 2011; Nam, Sukhdeo et al. 2012). A 1.6-)lm-thick Ge 
film was deposited on a Si substrate, and then partly suspended by etching away the Si 
through a patterned layer of Si02 on the substrate backside. The tungsten stressor layer 
(up to 900 nm in thickness), deposited on the bottom surface of the suspended Ge film, 
introduces a biaxial tensile strain of about 1.1% in the Ge, through a bending of the 
overall suspended layer. An increase in integrated PL intensity by a factor of 
approximately 2x was measured, together with a 130-nm red shift in peak emission 
wavelength. 
A similar geometry was also developed with aGe p-n junction that was patterned in the 
shape of a mesa with top-side n and p metal contacts, before deposition of the tungsten 
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stressor layer underneath the mesa (Nam, Sukhdeo et al. 2011; Nam, Sukhdeo et al. 
2012). With tllis approach, the authors reported strained-Ge photodiodes and light 
emitting diodes (LEDs), whose responsivity and emission spectra, respectively, could be 
red-shifted through the deposition of stressor layers of increasing thickness. The LED 
forward current was also found to increase with increasing tensile strain, a behavior that 
was attributed to the expected increased intrinsic carrier concentration and enhanced 
carrier mobility caused by the strain-induced bandgap reduction (Chu, Sun et al. 2009). 
Ge stressor layer 
substrate partially etched underlayer 
Figure 1.3 Schematic illustration ofthe use of stressor layers to introduce tensile strain in Ge. (a) 
Cross-sectional image of the geometry used in (Nam, Sukhdeo et al. 2011) to obtain biaxial 
tensile strain in a partially suspended Ge film. (b) Three-dimensional view of the uniaxially 
strained Ge photonic wires developed in (de Kersauson, El Kurdi et al. 2011). (c) Uniaxially 
strained Ge rnicrobridge geometry demonstrated in (Suess, Geiger et al. 2013) . In all figures, the 
arrows pointing outwards (inwards) indicate tensile (compressive) strain. The solid, dashed, and 
dotted arrows in (b) indicate regions of progressively weaker tensile strain. 
Tensilely strained Ge has also been obtained using Si3N4 as the stressor material. In the 
work of (de Kersauson, El Kurdi et al. 2011), a compressively strained ShN4 layer was 
deposited on a llighly n-doped Ge film that had been epitaxially grown on GaAs [Ge and 
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GaAs (001) are closely lattice matched, so the Ge was initially unstrained]. When this 
Si3N4 layer, the underlying Ge film and part of the GaAs substrate are patterned in the 
shape of a ribbon, as illustrated in Figure 1.3(b ), the compressive strain in the Si3N4 layer 
relaxes as its flanks become free to move. Uniaxial tensile strain is correspondingly 
introduced in the Ge along the direction perpendicular to the long axis of the ribbon. The 
strain is non-uniform in the direction out of the plane, reaching maximally 0.6% at the 
Si3N4/Ge interface and falling off rapidly with depth into the Ge layer. With this 
approach, net optical gain was reported for light propagating along the ribbon, as 
measured with the variable-stripe-length method. Similar to the laser demonstration of 
(Camacho-Aguilera, Cai et al. 2012), this measured gain was enabled primarily by 
degenerate n doping of the Ge film. As discussed in the following, distinct advantages in 
terms of creating Ge light sources are obtained with undoped Ge, but substantially larger 
strain levels are needed to allow for a population inversion in the absence of high n 
doping. 
In a somewhat different approach (Jain, Hryciw et al. 2012), uniaxial tensile strain of 
nearly 1 %in suspended Ge microbridges (ribbons) was obtained, using the deposition of 
tensilely strained Si3N4 stressor layers on both ends of the bridge (ShN4 films can be 
either compressively or tensilely strained depending on the evaporation conditions). The 
same approach was also applied to a cross-shaped bridge to obtain biaxial tensile strain 
near the cross center. Unexpectedly large PL enhancements (by factors of over 1 00) were 
reported with these samples; it is likely, however, that heating of the suspended 
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membranes by the high-power cw pump light used in the PL measurements played a role 
in these findings (Boucaud, Kurdi et al. 2013). 
Highly uniaxially strained Ge layers have also been fabricated by taking advantage of the 
thermal mismatch between Si and Ge (SUess, Geiger et al. 2013). In this work, Ge was 
grown directly on a Si-an-insulator (SOl) or bulk Si substrate using low-energy plasma-
enhanced chemical vapor deposition. After growth, a series of annealing cycles was 
performed in situ to reduce the density of threading dislocations, while at the same time 
introducing a small amount of biaxial tensile strain in the Ge (about 0.15 %). As 
discussed earlier, this strain is due to the mismatch between the thermal expansion 
coefficients of Si and Ge and the resulting hindered relaxation of the Ge layer upon 
cooling. Constricted Ge structures [in the shape of suspended microbridges, as shown in 
Figure 1.3(c)] were then patterned using electron-beam lithography, dry etching of the Ge 
layer, and a selective wet etch of the material underneath (either Si or the SOl buried 
oxide). Because stress is inversely proportional to cross-sectional area, the constricted 
regions in this geometry experience much larger tensile strain compared to the rest of the 
Ge film. In fact, uniaxial strain values up to 3.1% were measured in these regions using 
Raman microscopy. A 210-meV peak-energy shift in the emission with respect to bulk 
Ge and a strong increase (25x) in the spectrally integrated micro-PL intensity were also 
observed. 
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Nam et al. demonstrated a similar technique based on a small (about 0.2 %) pre-existing 
tensile strain in the Ge template layer of a Ge-on-insulator (GOI) substrate (Nam, 
Sukhdeo et al. 2013). With this approach, they obtained Ge wires uniaxially strained up 
to 2.8 %. Furthermore, they showed that the strain (and therefore the bandgap energy) in 
the patterned Ge film could be modulated as a function of position by varying the film 
width, effectively producing strain-induced pseudo-heterostructures. A large 
enhancement in micro-PL intensity was again observed, and mostly attributed to carrier 
confinement in the high-strain regions. 
1. 3. 3 Application of Mechanical Stress 
Finally, Ge can be strained through the application of external mechanical stress. In 
general, this approach is quite flexible, and in fact historically has provided the first 
means used to investigate strain engineering of semiconductors (Jayaraman 1983). 
Furthermore, it allows tailoring the materials properties after sample preparation (by 
varying the applied stress), which is attractive for basic studies as well as device 
applications. The use of mechanical stress to enable optical gain in Ge has been 
investigated numerically in (Lim, Park et al. 2009). The specific geometry considered in 
this study consists of a cross-shaped suspended Si platform supporting a Ge disk at its 
center, in the presence of a vertical force of 330 mN applied at the platform center. This 
force may realistically be obtained using an L-shape hook in the external chip package or 
an electrostatic actuator based on micro-electro-mechanical system (MEMS) technology. 
The resulting stress field distribution, computed by finite element analysis, is shown in 
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Figure 1.4. At the platform center, where the Ge active layer resides, a maximum biaxial 
tensile stress of 5 GPa is obtained, corresponding to a strain level of about 2.7 %. This 
geometry is therefore suitable for the development of direct-bandgap Ge light-emitting 
devices. 
At the same time, straining via the application of mechanical stress has the important 
limitation that, when bulk samples are employed, only small amounts of tensile strain can 
be introduced before the onset of plastic relaxation via defect formation. The reason is 
that the strain energy for a given stress increases with thickness (volume) according to the 
relation (Freund and Suresh 2003) 
(1.1) 
where U is the strain energy, a is the normal stress on the material, E is the corresponding 
strain, and V is the sample volume. This limitation is clearly illustrated in the initial 
attempts to study direct-bandgap light emission from mechanically stressed Ge (Cheng, 
Peng et al. 2010; El Kurdi, Bertin et al. 2010). In particular, in the work described in (El 
Kurdi, Bertin et al. 201 0), a maximum biaxial tensile strain of only 0.6 % (limited by 
sample debonding or fracture) could be introduced in a 28-!lm-thick Ge film mounted on 
a bulge/blister test apparatus, leading to a red shift in emission wavelength (by about 125 
nm) but no concomitant increase in output intensity. In the work described in (Cheng, 
Peng et al. 2010) an-doped Ge wafer was used, featuring an even smaller fracture limit 
ofless than 0.4 % strain, and leading to a small (1.8x) increase in measured PL intensity. 
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Figure 1.4 In-plane stress distribution on a cross-shaped suspended Si platform supporting a Ge 
disk at its center. From (Lim, Park et al. 2009). 
Much larger PL enhancements (almost lOOx) were observed using tensilely strained Ge 
nanocrystals (Nataraj, Xu et al. 2010). These samples were fabricated by mortar grinding 
ofundoped (100) bulk Ge wafers and the lattice constants measured from several electron 
diffraction patterns suggest a 2.2 ± 1.1% strain. The emission wavelength was not red-
shifted compared to unstrained bulk Ge, a result that was attributed to quantum 
confinement effects. 
1.4 Mechanically Stressed Germanium Nanomembranes 
For samples with planar geometries, which are more directly compatible with device 
applications, nanoscale thicknesses are essential to enable large biaxial strains. 
Traditionally, single-crystal semiconductor films with thicknesses of only a few tens of 
nanometers or less have been the exclusive domain of heteroepitaxial systems, but, as 
already discussed above, such systems have so far not been able to achieve the requisite 
strains in Ge. The emergence of nanomembrane (NM) technology has created significant 
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new opportunities for thin-film materials science and applications (Roberts, Klein et al. 
2006; Yuan, Ma et al. 2006; Scott and Lagally 2007; Euaruksakul, Li et al. 2008; Kim, 
Ahn et al. 2008; Huang, Ritz et al. 2009; Yuan, Shin et al. 2009; Feng, Monch et al. 
2010; Park, Le et al. 2010; Yang, Yang et al. 2010; Paskiewicz, Tanto et al. 201 1; 
Rogers, Lagally et al. 2011; Evans, Savage et al. 2012; Sookchoo, Sudradjat et al. 2013; 
Zhou, Seo et al. 2013). This technology is based on the complete or partial release of a 
thin semiconductor layer from its original substrate via the selective etch of an underlying 
sacrificial layer. The resulting membranes can be single-crystal while at the same time 
exhibiting exceptional flexibility, with the capability of folding and unfolding many times 
without damage. When completely released from their handle wafer, they can be 
transfened (using one of several techniques such as wet transfer or dry printing) and 
strongly adhered onto a variety of host substrates. Because of their extreme geometrical 
aspect ratios and the resulting unique mechanical properties, NMs offer novel 
opportunities for strain engineering, both through spontaneous elastic strain sharing in 
multi-layer NMs and through the external application of mechanical stress. For the same 
reasons, they have been shown to provide an attractive high-performance alternative to 
organic semiconductors for applications in flexible electronics and optoelectronics. For 
example, electronic devices can be fabricated on the NMs prior to the . release step, 
followed by transfer onto a new host substrate. ·This approach is highly desirable, 
particularly when the new substrate cannot withstand the high-temperature processing 
necessary for electronic-device fabrication, as is the case for most organic materials. By 
performing the high-temperature processing steps on the NM before release, it is thus 
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possible to make extremely fast flexible electronics, using organic films as host substrates 
(Yuan, Ma et al. 2006; Zhou, Seo et al. 2013). Furthermore, lasing can be achieved in 
mechanically stressed Ge NMs without the need of doping since they can handle 
sufficiently high strains to provide optical gain. Therefore, these NMs offer a promising 
material platform for the demonstration of electrically injected Ge lasers that do not 
suffer from the intrinsic limitations associated with high doping concentrations, such as 
high free carrier absorption losses and fast nonradiative Auger recombination. 
1.5 Dissertation Outline 
Motivated by the potential high impact of strained Ge in the field of MIR group-IV 
photonics, and by the superior mechanical and optical properties of Ge NMs over Ge 
emitters strained by any other technique, in this dissertation work I have investigated 
interband light emission from tensilely strained Ge NMs. Specifically, first I have carried 
out calculations to determine the change in the conduction- and valence~band edges of Ge 
as a function of strain using standard deformation-potential theory. The results of these 
calculations are presented in Chapter 2. Next, I have computed the optical gain spectrum 
oftensilely strained Ge using the effective mass approximation, as discussed in Chapter 3. 
In Chapter 4, I describe the NM fabrication process (as developed by our collaborators in 
Prof. M. G. Lagally's group at the University of Wisconsion Madison) together with the 
results of Raman measurements demonstrating the importance of nanoscale thicknesses 
to achieve the desired strain levels. In Chapter 5, I discuss the strain dependent, room-
temperature photoluminescence measurements that I have performed on NMs of different 
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thicknesses, and present the main results of these measurements. These results are further 
analyzed in Chapter 6, where the spontaneous emission spectrum of tensilely strained Ge 
is calculated and compared with the experimental data. Finally, I have developed two-
dimensional (2D) periodic structures on top of the Ge NMs, and demonstrated further 
enhanced light emission via diffraction and excitation of photonic-crystal cavity modes as 
described in Chapter 7. Possible future directions of this work are presented in Chapter 8, 
together with the conclusion of the dissertation. 
1.6 Main Results 
The main results ofthis thesis are listed below together with a full list of publications. 
• The optical gain spectrum of biaxially tensilely strained Ge is calculated using the 
effective mass approximation. It is shown that under sufficiently high strain 
values (c ;;:::: 1.4%), substantial optical gain can be achieved in Ge even without 
any doping, due to the strong decrease in the direct bandgap energy (relative to 
the indirect one) with increasing tensile strain. Furthermore, the calculated 
transparency carrier densities and peak gain coefficients of Ge under tensile 
·strain > 1.4% are found to be comparable to the values observed in traditional III-
V semiconductor gain media. These calculations also show that the gain spectrum 
of tensilely strained Ge is mostly governed by TM polarized photons that 
propagate in the plane under biaxial tension. [1] 
• Ultrathin Ge NMs are tensilely strained via mechanical stress and used to 
demonstrate strong room-temperature optically-pumped light emission, with a 
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significant red-shift in peak position and enhancement in PL intensity observed 
with increasing strain. These results are in good agreement with theoretical 
predictions. [2] 
• The mechanical flexibility of NMs of different thicknesses is characterized via 
Raman measurements, and the results demonstrate that the plastic deformation 
threshold increases with decreasing membrane thickness. These results are also 
confirmed via PL measurements, where larger red-shifts are observed for thinner 
membranes. [2] 
• Ultrathin (::5 30 nm) NMs are strained to the level where Ge is converted into a 
direct bandgap semiconductor. This result is a direct consequence of the 
ultrasmall NM thickness, which makes it possible to obtain strain levels as high as 
about 2% before the Ge crystal is plastically deformed. [2] 
• The normal-incidence spontaneous emission spectrum of tensilely strained Ge is 
calculated and compared to the measured spectra under high strain. From this 
comparison, the carrier density generated in the NMs during the PL measurements 
is determined and found to be well above the calculated transparency carrier 
density of the Ge under the same strain conditions. The main conclusion is that 
population inversion can be achieved in these highly-strained NMs under the 
realistic pumping conditions used in our PL measurements. [1] 
• 2D periodic structures are fabricated on Ge NMs for the purpose of increasing the 
extraction efficiency of TM-polarized light (which comprises most of the PL 
output in highly tensilely strained Ge). With this geometry, a strain-induced 
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enhancement in PL efficiency as large as 20x is demonstrated. Furthermore, the 
cavity modes of these periodic structures are resolved in the PL spectra, which is 
promising for the future demonstration of Ge NM lasers. [3] 
[1] C. Boztug, J. R. Sanchez-Perez, F. F. Sudradjat, RB Jacobson, D. M. Paskiewicz, M. 
G. Lagally, R. Paiella, "Tensilely strained germanium nanomembranes as infrared optical 
gain media", Small 9, 622 (2013) 
[2] J. R. Sanchez-Perez*, C. Boztug* , F. Chen, F. F. Sudradjat, D. M. Paskiewicz, RB 
Jacobson, M.G. Lagally, R. Paiella, "Direct-bandgap light-emitting germanium in 
tensilely strained nanomembranes", Proc. Natl. Acad. Sci. USA 108, 18893 (2011) (*: 
Equal contribution) 
[3] C. Boztug, J. R. Sanchez-Perez, J. Yin, M.G. Lagally, R. Paiella, "Grating-coupled 
mid-infrared light emission from tensilely strained germanium nanomembranes", Appl. 
Phys. Lett. 103, 201114 (2013) 
[4] C. Boztug, J. R. Sanchez-Perez, M.G. Lagally, R. Paiella, "Strained-germanium 
nanomembranes for infrared photonics", ACS Nano (under review, Invited Review 
Article) 
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CHAPTER2 
Strain Engineering of the Germanium Band Structure 
In this section I describe how the electronic band structure of bulk Ge can be modified 
through the controlled introduction of strain. The key result is that all conduction-band 
minima generally move lower in absolute energy with increasing tensile strain, but the 
direct minimum at the r point moves more rapidly compared to the L valleys, so that, at 
sufficiently large strain, Ge becomes a direct-bandgap semiconductor. The decrease in. 
the bandgap energy of a material with increasing tensile strain can intuitively be 
explained as follows: The expansion of the material results in an increase in the 
interatomic separation, which leads to a decrease in the potential seen by the electrons. 
Therefore, moving an electron from the valence band to the conduction band requires less 
energy, which in turn implies a reduction in the bandgap energy. 
For uniform expansiOn m all directions (i.e. , purely hydrostatic tensile strain), the 
transition from indirect- to direct-bandgap behavior o.ccurs at a relatively small strain of 
about 0.8 %. Hydrostatically tensilely straining a material is not practical, however, and 
so tensile strain in a crystal is generally introduced either along one crystallographic 
direction (uniaxial strain) or isotropically on a plane (biaxial strain). In bi- and uniaxially 
strained materials both the change in volume (hydrostatic strain) and the change in shape 
(distortional strain) affect the band structure. Specifically, hydrostatic and distortional 
strain applied in one, two, or three dimensions produce different changes in the band 
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structure. As a result, because of the changing balance between the hydrostatic and 
distortional components of strain in uniaxially and biaxially strained materials, the tensile 
strain required to move the bands sufficiently to achieve direct-bandgap Ge is highest in 
general for uniaxial strain, followed by biaxial strain. The most favorable practical 
configuration is that of biaxial tensile strain in a { 100} plane, where a strain threshold of 
less than 2% is estimated (Fischetti and Laux 1996; Menendez and Kouvetakis 2004; Liu, 
Sun et al. 2007; Lim, Park et al. 2009; El Kurdi, Fishman et al. 201 0; Pizzi, Virgilio et al. 
2010; Aldaghri, Ikonic et al. 2012; Tahini, Chroneos et al. 2012). Biaxial and uniaxial 
strain also cause a splitting of the heavy-hole (HH) and light-hole (LH} valence bands at 
the r point, and a concomitant modification of their effective masses, which have 
important practical consequences on the sample electrical and optical properties. The 
valence band edge at the r point (which always remains as the absolute valence band 
maximum) also moves up in energy with tensile strain, which, combined with the 
downward motion of the conduction band edge, leads to a narrowing of the band gap. 
This behavior can be clearly seen in the schematic band diagrams of Figure 1.2. 
2.1 Conduction-Band Edges 
The results just discussed can be derived and quantified using standard deformation-
potential theory (Chuang 2009). In this framework, the conduction-band minima at the r 
and L points can be written as 
(0) ( ) Er = Er + ac Exx + Eyy + Ezz (2.1) 
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(2.2) 
where the superscript (0) refers to the unstrained values, ac and :::d + ~ :::u are the 
3 
relevant hydrostatic deformation potentials, and Exx ' Eyy ' Ezz are the diagonal elements of 
the strain tensor (relative to the system of coordinates defined by the crystal basis 
vectors). All off-diagonal strain elements here are taken to be zero [otherwise additional 
terms would appear in Eq. (2.2)], which is appropriate for all straining configurations 
considered in this discussion. The important property that allows for the formation of 
direct-bandgap Ge under tensile strain is that, while both ac and :::d + ~ 3u are negative, 
3 
I acl is significantly larger than I :::d + ~ 3u I· Specifically, in the calculations presented in 
this thesis, a value of -8.24 eV is used for ac, based on the theoretical study of (Van de 
Walle 1989), which appears to be in good agreement with the measured pressure 
dependence of the Ge direct bandgap (Goni, Syassen et al. 1989; Menendez and 
Kouvetakis 2004). For :::d + ~ :::u , a value of -2.34 eV is used, as recommended in 
3 
(Menendez and Kouvetakis 2004) based on the measured pressure dependence of the 
indirect bandgap (Ahmad and Adams 1986). The energy separation between the rand L 
conduction-band minima in unstrained Ge, E~o) - £~0\ is well established at about 140 
meV~ 
For purely hydrostatic strain, we have Exx = Eyy = Ezz = E, and the strain threshold for 
direct-bandgap behavior can be obtained by setting Er and EL from Eqs. (2.1) and (2.2) 
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equal to each other and then solving the resulting equation for E. The result is 0.8 %, as 
already mentioned. In the realistic case of biaxial strain in a { 100} plane, only the in-
plane diagonal elements ofthe strain tensor are equal to each other (e.g. , Exx = Eyy = E). 
Specifically, if the strain is introduced via pseudomorphic heteroepitaxy, the parameter E 
is given by the fractional difference between the unstrained in-plane lattice constants of 
the epitaxial-film material and the growth template. If the strain is produced through the 
application of external stress, E is linearly related to the applied biaxial tension. In any 
case, the remaining diagonal element of the strain tensor, Ezz, can then be obtained from 
the requirement that the stress component in the out-of-plane direction must be zero in 
equilibrium, leading to the relationship 
2 C12 Ezz =- -E' 
ell (2.3) 
where C11 and C1z are elastic stiffness constants. Under these conditions, Er becomes 
equal to ELata strain level E of about 1.9 %, ifthe Ge material parameters listed in Table 
2.1 are used. It should be noted that the biaxial-tensile-strain threshold for direct-bandgap 
Ge has been computed by several authors in recent years, using different models and 
different values of the relevant material parameters (Fischetti and Laux 1996; Menendez 
and Kouvetakis 2004; Liu, Sun et al. 2007; Lim, Park et al. 2009; E1 Kurdi, Fishman et 
al. 2010; Pizzi, Virgilio et al. 2010; Aldaghri, Ikonic et al. 2012; Tahini, Chroneos et al. 
20 12). The general consensus among these studies appears to be that this threshold is less 
than 2 %, with values as small as 1.7 % reported (Fischetti and Laux 1996; Aldaghri, 
Ikonic et al. 2012; Tahini, Chroneos et al. 2012). 
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b [eV] -2.16 (Fischetti and Laux 1996) 
av [eV] 1.24 (Van de Walle 1989; Menendez and Kouvetakis 2004) 
ac[eV] -8.24 (Van de Walle 1989; Menendez and Kouvetakis 2004) 
c d+S)3[eV] -2.34 (Menendez and Kouvetakis 2004) 
E2 r [eV] 0.802 (www.ioffe.rssi.ru/SV A/NSM/Semicond) 
E2deV] 0.661 (www.ioffe.rssi.ru/SV A/NSM/Semicond) 
f... [eV] 0.290 (www.ioffe.rssi.ru/SV AINSM/Semicond) 
C 11 [GPa] 128.53 (Fischetti and Laux 1996) 
C 12 [GPa] 48.26 (Fischetti and Laux 1996) 
Table 2.1 Materials parameters used to compute the strain-dependent bandgap energies of Ge. 
The use of biaxial tensile strain in other crystallographic planes has also been 
theoretically investigated (Aldaghri, Ikonic et al. 2012; Tahini, Chroneos et al. 2012). 
These studies suggest that Ge films grown on { 110} -oriented substrates can also possibly 
be made direct-bandgap, but only at rather large biaxial-strain levels of about 4.5 % 
(Aldaghri, Ikonic et al. 2012). In contrast, in { 111} Ge the absolute conduction-band 
minima remain in the L valleys for all realistic tensile strain values. In any case, it should 
be noted that the { 1 00} orientation, which appears to be most favorable in the present 
context, is also of particular technological significance as it is the most widely used 
crystallographic orientation in microelectronics. Regarding uniaxial strain, it has been 
predicted that tension along the ( 111 ) direction can also produce a direct bandgap in Ge, 
due to a large nonlinear drop in the conduction-band edge at r (Zhang, Crespi et al. 
2009). The corresponding strain threshold was estimated at 4,2 % [other authors have 
computed a significantly smaller value of 1.05 % (Tahini, Chroneos et al. 2012), which 
however does not appear to be corroborated by any known experimental evidence]. In 
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principle, uniaxial strain may be employed in conjunction with Ge nanowires, whose 
ultrasmall cross sections may allow for the introduction of particularly high strain levels 
without plastic deformation. This idea has recently been explored in (Suess, Geiger et al. 
2013 ), where uniaxial strain levels along the < 1 00> direction exceeding 3 % were 
reported, albeit without any claim regarding the formation of direct-bandgap Ge (in fact, 
a theoretical strain threshold of 4.7% was cited in the same work). In any case, in general 
biaxially strained planar geometries are more directly compatible with optoelectronic 
device applications. 
2.2 Valence-Band Edges 
As already mentioned, the main interest in the use of tensile strain in Ge is its ability to 
increase the interband radiative recombination efficiency and to enable the formation of 
population inversion across the direct energy bandgap. To appreciate these effects fully 
and quantify them, it is also important to understand how the valence bands are modified 
in the presence of strain. In the context of deformation-potential theory, a relatively 
simple model can be constructed from the Luttinger-Kohn Hamiltonian through the 
addition of a small number of terms proportional to the strain tensor elements (Chuang 
2009). If orie considers a 6x6 Hamiltonian matrix and again assumes that all off-diagonal 
strain elements are zero, the band-edge energies of the HH and LH valence bands can be 
computed as follows 
ELH = EiV - PE + ~ c QE- 11 + .J /1 2 + 2QE11 + 9Qn, 
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(2.4) 
(2.5) 
where 
(2.6) 
and 
(2.7) 
In these equations, av and b are the hydrostatic and shear deformation potentials of the 
valence bands, respectively, and~ is the spin-orbit splitting of unstrained Ge (i.e., the 
energy separation between the spin-orbit split-off valence band and the degenerate HH 
and LH bands at I} 
u 
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Figure 2.1 (a) Band-edge energies of the conduction and valence bands of Ge plotted as a 
function of strain. The labels refer to the r and L minima of the conduction band and to the LH 
and HH valence band maxima. (b) Calculated bandgap energies between the r or L conduction-
band minima and the HH or LH valence-band maxima, plotted as a function of strain. 
In Figure 2.1(a), the energies ofthe conduction- and valence-band edges from Eqs. (2.1), 
(2.2), (2.4) and (2.5) are plotted as a function of strain in the case of biaxial tension in a 
{100} plane, for which Eq. (2.3) also applies. The corresponding bandgap energies are 
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plotted in Figure 2.1 (b) as a function of strain. The material parameters used in these 
calculations are listed in Table 2.1 , and all energies are referenced to the top of the HH 
and LH valence bands in the absence of strain. Aside from the aforementioned crossing 
of the direct and indirect conduction-band minima at about 1.9% strain, a large strain-
induced splitting of the valence bands at the r point is also clearly seen in Figure 2.1 (a). 
Specifically, under tensile strain the LH band is pushed up in energy relative to the HH 
one, which implies that interband light emission in this material mostly involves 
recombination of electrons with LHs under tensile strain. At the same time, the direct 
bandgap energy Egr = Er- ELH monotonically decreases with increasing E, e.g. , from its 
unstrained value of 0.8 eV to 0.46 eV at 2% strain. As a result, emission wavelengths in 
the short-wave MIR spectral region can be expected in Ge tensilely strained to this 
degree. As already mentioned, this wavelength range has significant technological 
applications, particularly in the areas of biochemical sensing and spectroscopy. 
2.3 Momentum Matrix Elements 
The dominant role played by the LH valence band in the context of radiative 
recombination in tensilely strained Ge has two additional important implications. First, 
the hole density-of-states effective mass is reduced compared to the unstrained case, 
which is favorable for the purpose of creating a population inversion (Chuang 2009). In 
fact, Ge has relatively small effective masses for both the LHs and the r -point 
conduction-band electrons compared to the traditional III-V semiconductors used in 
optoelectronics, which is a distinct advantage for laser applications. Second, the 
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polarization properties of the emitted light are determined by the symmetry of the LH 
Bloch functions . To elaborate on this latter point, we consider the momentum matrix 
elements M of the direct conduction-to-HH (cr-HH) and conduction-to-LH (cr-LH) 
transitions for transverse magnetic (TM) and transverse electric (TE) light (defined, 
respectively, as linearly polarized in the directions perpendicular and parallel to the plane 
of the strained layer). The magnitudes squared of these parameters are directly 
proportional to the probability rates of the respective transitions, and can be calculated 
from the relevant Bloch functions as follows (Jones and O'Reilly 1993) 
I 1
2 3 2 
MTE,cf-HH =2Mb 
I 1
2 - 3 ) 2 
MTE,cf-LH - 2 (1- fz Mb , (2.8) 
where Mb is the bulk momentum matrix element [as defmed, e.g., in (Chuang 2009)] and 
( ~ ) 1 --6bE =- 1 + 3 fz 2 -../ Ll2 -4bELl+36b 2 E2 . (2.9) 
It follows from these equations that cr -HH transitions can only emit TE-polarized light, 
whereas cr-LH transitions generally couple to both states of polarization. Furthermore, 
because /z is a monotonically increasing function of E (given that b < 0), the latter 
transitions become increasingly TM polarized as more and more tensile strain is 
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introduced. To illustrate, in Figure 2.2 we plot the ratio IMrM,cr-LH / MrE,cr-LH 12 as a 
function of E. The important conclusion is that in tensilely strained Ge, where interband 
light emission is dominated by the cr-LH transitions, the emitted light is predominantly 
TM polarized (e.g., by a factor of 17 -to-1 at 2% strain based on the plot of Figure 2.2). 
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Figure 2.2 Ratio of the TM- and TE-polarized squared momentum matrix elements associated 
with cf -LH transitions in Ge, plotted as a function of tensile strain. 
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CHAPTER3 
Optical Gain Spectrum of Tensilely Strained Germanium 
The gain spectrum of tensilely strained Ge is calculated based on the effective mass 
approximation under the assumption of parabolic conduction and valence bands. These 
approximations simplify the calculations so that the gain only depends on three well 
known material parameters, namely the bandgap energies, effective masses and 
momentum matrix elements, and their strain dependence. These calculations are carried 
out for undoped Ge at room temperature. The results demonstrate that optical gain can be 
achieved under sufficiently high tensile strains, and that this gain is mostly provided by 
the TM-polarized cf -LH transitions. 
3.1 Calculation of Optical Gain Coefficient of Strained Germanium 
The optical-gain spectrum of tensilely strained Ge due to electronic transitions between 
the direct conduction-band minimum and the HH or LH valence band maximum is 
calculated as follows (Coldren and Corzine 1995) 
In this expression, g is the gain coefficient (which describes the variation in optical 
intensity I with propagation distance z according to the equation di / dz = g I ), vo is the 
optical frequency, M TE is the polarization-dependent momentum matrix element given 
TM 
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by Eq. (2.8) for both cr-LH and cr-HH transitions, Pr(£21 ) is the reduced density of 
states, /1 and fz are the occupation probabilities of, respectively, the valence-band and 
conduction-band states of equal wavevector and energy difference Ez1 (as illustrated in 
Figure 3.1), and ((hv0 - £ 21 ) is the lineshape function that describes gain broadening. 
Finally, the constant Cis given by C = qzh 2 , where n is the refractive index, q the 2nE0cm0 
electron charge, h Planck's constant, Eo the permittivity of free space, c the speed oflight 
in vacuum, and ina the electron charge. 
Figure 3.1 provides a clear illustration ofhow Ez1 in Eq. (3.1) can be defined in terms of 
Ez and E1, which under the assumption of parabolic bands can be written as follows 
r 
Y(I..HorHH) 
Figure 3.1 Schematic band diagram showing the valence-band and conduction-band states of 
equal wavevector and energy difference £21 
Ez = Er + [Ezl- (Er- Ey)] mr,rY 
mr 
(3 .2) 
El = Ey- [Ezt- (Er- Ey)] mr,rY . 
my 
(3 .3) 
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In these equations the subscript Y refers to LH or HH, Er - Ey = Eg,rY is the bandgap 
energy, and mr and my are the dimensionless density-of-states effective masses of the 
conduction and valence bands, respectively. The reduced mass is defined as mr,rY = 
(1/mr + 1/my)-1 . Using these expressions, the reduced density of states in Eq. (3 .1 ) 
can be written as follows 
(3.4) 
The other key parameters of Eq. (3 .1) are the occupation probabilities of the valence-
band and conduction-band states of energy £1 and Ez, respectively, which are given by 
the quasi-Fermi distribution functions; 
(3.5) 
(3.6) 
where Etv and Etc are the hole and electron quasi-Fermi energies, respectively. /1 and [2 
can be computed from the total carrier density; 
(3.7) 
In this equation, Nr and NL are the densities of electrons in the r valley and in the four-
fold degenerate L valleys, respectively. Similarly, PLH and PHH are the densities of holes 
in the LH and HH valence band,s respectively. These total carrier densities are related to 
the quasi-Fermi distribution functions through the following equations: 
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Nx = JE: dE Px(E) [2 (E) with X= r or L (3.8) 
Py = J~:dE Py(E) [1- f1 (E)] withY= LH or HH, (3.9) 
where 
1 (2m ) 312 3/2 Px(E) = 
2
rr 2 h2 ° mx .J E- Ex, forE > Ex (O otherwise) (3 .1 0) 
1 (2m ) 312 3/2 py(E) = - 2 -f my .J Ey- E,for E < Ey (0 otherwise) 2rr h (3.11) 
are the corresponding densities of states. Eq. (3.8) can be simplified by substituting the 
expressions of Eqs. (3 .6) and (3 .1 0) for j2 and Px , and using the following definitions 
N 
n=-
No' 
where ks is the Boltzmann constant and T is the temperature. With this procedure, the 
total electron density can be written simply as 
3/2 Joo d .,jE-Er + 4 3/2 Joo d .,jE-EL n = m E m E _ ___:______;=----
r Er l+exp(E-Epc) L EL l+exp(E-Epc) (3.12) 
Similar parameters can be defined to simplify Eq. (3.9), when Eqs. (3.5) and (3.11) are 
inserted in to it, namely 
Py 
Px =No' 
Ey 
Ey = ksT' 
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EFv 
Epv = ksT. 
The total generated hole density is then given by; 
(3.13) 
The electron and hole quasi-Fermi energies can be determined from Eqs. (3.12) and 
(3.13), respectively, for any given carrier density N. The only parameters required to 
solve these equations are the density-of-states effective masses, which are determined as 
a function of strain using a linear interpolation of the values reported in (Fischetti and 
Laux 1996; El Kurdi, Fishman et al. 2010). Once the quasi-Fermi energies are obtained, 
they can then be inserted in Eqs. (3.5) and (3.6) to compute the distribution functions /1 
and /2. Finally, for the lineshape function ((hv0 - E21 ) in Eq. (3.1), a Gaussian 
distribution function is used to include inhomogeneous broadening in the gain spectrum, 
with the spectral width obtained from the standard deviation ofthe measured NM strain. 
3.2 Gain Calculation Results 
Exemplary gain spectra for both polarizations and both cf-HH and cf-LH transitions are 
shown in Figure 3.2. The tensile strain E and the carrier density N used in these 
calculations are 1.78 % and 3.9x10 18 cm-3, respectively, which correspond to actual 
values measured with a mechanically strained, optically pumped Ge NM (as it will be 
described in Chapter 6). Consistent with the discussion of Section 2.3 , the largest gain 
contribution in Figure 3.2 is provided by the cf-LH transitions for TM-polarized light. 
TE-polarized photons can also be amplified via the same electronic transitions, but with 
an order-of-magnitude lower gain coefficient (due to the proportionally lower TE 
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momentum matrix element). In contrast, the earner concentration used in these 
calculations is not enough to obtain gain from the cf -HH transitions, because the HH 
band has a much lower energy (and hence smaller hole population) than the LH band at 
1. 78-% tensile strain. 
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Figure 3.2 Calculated TE and TM optical-gain spectra due to c!-LH and c!-HH transitions in Ge 
under 1.78-% biaxial tensile strain, in the presence of a density of injected carriers of 3.9x1018 
-3 
em. 
The peak gain coefficient provided by the cf-LH transitions for TM -polarized light is 
plotted in Figure 3.3 as a function of injected-carrier density, for several different values 
of the applied tensile strain. At the lowest strain considered in this figure ( 1 % ), no 
appreciable gain is obtained even under extremely high pumping conditions (i.e., for N > 
1019 cm-3). As the strain is increased, peak gain values of several 100 cm- 1 are obtained 
with lower and lower densities of injected carriers. 
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Figure 3.3 Peak TM gain coefficient due to cr-LH transitions in tensilely strained Ge, calculated 
as a function of carrier density for different strain values. 
In the same strain regime, transparency carrier densities Nt on the order of a few 1018 em-
3 are computed, as illustrated in Figure 3.4(a), where Ntis plotted as a function of E. It 
should be noted that these values of peak gain coefficient and transparency carrier density 
are comparable to those of traditional optical gain media based on III-V semiconductors 
(Coldren and Corzine 1995; Chuang 2009), indicating that tensilely strained Ge NMs are 
similarly suited to the development of diode lasers. In Figure 3.4(b ), the calculated 
wavelength of maximum gain (at a fixed carrier density of 5x1018 cm-3) versus strain is 
plotted. A strong red shift with increasing tensile strain is observed, consistent with the 
strain dependence of the bandgap energies shown in Figure 2.1(b). It follows from this 
plot that stimulated emission across the entire 2.1-2.5 !liD atmospheric transmission 
window can be obtained in the low-transparency strain regime. 
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Figure 3.4 Transparency carrier density (a) and wavelength of maximum TM gain (b) oftensilely 
strained Ge, calculated as a function of tensile strain. In (b) a density of injected carriers of 5x 10 18 
cm-3 is assumed. 
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CHAPTER4 
Germanium Nanomembranes: Fabrication and Mechanical Characterization 
The gain calculations of the previous chapter demonstrate that the strain introduced in 
undoped Ge should be higher than ~ 1.4% to achieve gain values comparable to those of 
traditional III-V semiconductor gain media. To be able to reach such high biaxial strain 
values ultrasmall thicknesses are required, which makes NMs a particularly promising 
candidate. In this section, the fabrication of Ge NMs together with two different 
techniques allowing to transfer the NMs on a flexible host substrate are described. 
Furthermore, the importance of ultrasmall NM thicknesses for the purpose of achieving 
high tensile strains is confirmed via Raman spectroscopy measurements. 
4. 1 Fabrication of Germanium Nanomembranes 
Free-standing Ge NMs (as provided by Prof. Lagally' s group at the University of 
Wisconsin in Madison) are fabricated by releasing the Ge template layers of commercial 
(001) Ge-on-insulator (GOI) substrates with a miscut of 6° towards [110]. The GOI 
wafers (Soitec SSA) are fabricated via bonding oxidized Ge to oxidized Si and etching 
back (SmartCut). Because the thermal-expansion coefficients of Si02 and Ge differ, the 
Ge template may contain strain nonuniformities of the order of 0.1% and some 
dislocations. In the NM fabrication process, the GOI substrates are cleaned with acetone 
and isopropyl alcohol and patterned with UV lithography to define the membrane 
boundaries and small etchant access holes, which can be seen in the NM micrograph of 
Figure 4.1 (a). Reactive ion etching is then employed to etch the Ge template layer along 
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these boundaries, followed by a wet etch in a mixture of 49 % hydrofluoric-acid and 
water solution (Ill 0) to dissolve the underlying Si02 layer, with the photoresist left on 
the sample to act as a stressor layer that facilitates the NM release. The resulting Ge NMs 
settle onto and weakly bond to the original Si host wafer. They are subsequently 
transferred on to polyimide (PI) films (Kapton©, Du Pont) using either one of two 
different transfer techniques, namely wet transfer and dry printing. 
In the dry printing method, the NMs are transferred and bonded onto 125-!J.m thick, 
flexible PI films by using spin-on liquid PI as a glue layer and pressing the membrane 
against the PI film. After transfer, the spin-on PI is cured at 350 °C and the Ge NM is 
thinned from its original thickness (84 nm ± 2 iun) to the desired thickness using a wet 
etch with dilute hydrogen peroxide (H202) in water at 80 oc (etch rate ~0.9 nm/sec). 
In the case of wet transfer, after the removal of the Si02 layer via wet etching, the sample 
is quickly submerged in DI water before the NMs can attach to the Si host wafer. A wire 
loop is then used to harvest the NMs from the water surface and transfer them to a PI film, 
where they initially settle via hydrogen and van der Waals bonding and are then more 
firmly bonded by annealing. Unlike the dry printing method, the thickness of the NMs 
that are transferred by the wet transfer technique is defined at the beginning of the 
process by submerging the GOI substrates in a dilute hydrogen peroxide solution to 
reduce the Ge thickness to the desired values. 
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Figure 4.1 (a) Optical micrograph of aGe NM bonded on a PI film. The array of etchant access 
holes used in the release process is clearly visible. (b) Diagram showing the sample mount and 
the location of the NM with respect to the applied high-pressure gas. 
4.2 Raman Measurements on Germanium N anomembranes 
The strain in the plane of the NMs is determined as a function of applied stress (i.e., gas 
pressure) via Raman spectroscopy (by Prof. Lagally's group), using a LabRAM 
ARAMIS (HORIBA Scientific) Raman microscope. The sample holder shown in Figure 
4.1 (b) is used in these measurements. The PI film is used to seal an otherwise rigid cavity 
that is then filled with high-pressure gas, so that the film and the attached NM can be 
mechanically stretched in a highly controllable fashion. Because in this setup the NM 
effectively lies on the surface of an expanding sphere of plastically deforming PI, the 
resulting strains are biaxial and depend solely on the substrate curvature. 
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The Raman microscope used in this work is equipped with a 633-nm-wavelength 
excitation laser. The laser beam is passed through a filter to attenuate its incident power 
from 6 m W to ~ 1 m W and then focused onto the NM with a SO x objective lens, 
producing a spot size of about 2 J..tm. Because of the low thermal conductivity of the PI 
film supporting the NM, the use of sufficiently low incident power is required to avoid 
heating the NM, which would affect the Raman shifts and therefore the inferred strain 
values. Ten random sites on each NM are measured for each value of the applied stress, 
and each site is probed three times with a 15-sec exposure time. The peak position of the 
Raman signal is determined from a Gauss-Lorentz fit of the measured spectra after 
background subtraction, and the biaxial strain values are then calculated from the Raman 
shifts (Fang, Tolle et al. 2007) using the previously measured phonon deformation 
potentials forGe (Cerdeira, Buchenauer et al. 1972). 
4. 2.1 Importance of Nanomembrane Thickness 
The inferred stress/strain curves of three representative NMs, 24-nm, 44-nm, and 84-nm 
thick, are plotted in Figure 4.2. The small amount of compressive strain observed at zero 
pressure is attributed to PI-substrate curing effects. As the sample mount is pressurized, 
the measured biaxial tensile strain (averaged over several random sites on the NM) 
initially increases linearly with the applied stress, as expected in the elastic region of the 
stress/strain curve in the absence of delamination. Beyond a certain stress, the 
stress/strain relationship is no longer linear, owing to the formation of cracks in the NM, 
which are visible in the Raman microscope, and which produce strain relaxation via 
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plastic deformation in their immediate vicinity. As the pressure is further increased, more 
and more of the NM area no longer contributes to the maximum strain, leading to a 
saturation of the average strain and an increase in its standard deviation (indicated by the 
error bars in the figure) . The implication, of course, is that we also have an increasing 
range ofband gaps contributing to the light emission as we go beyond the linear region of 
the stress/strain curve. 
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Figure 4.2 Stress/strain curves of three Ge NMs of different thickness. NM strain versus gas 
pressure in the sample mount as measured via Raman spectroscopy for (a) 24-nm, (b) 44-nm, and 
(c) 84-nm thick Ge NMs. 
As mentioned earlier, for the same reasons that very little strain can be induced in bulk 
samples, the degree of crack formation at a given stress (which ultimately limits the 
maximum average strain) increases with membrane thickness. As a result, the maximum 
achievable average strain tends to increase with decreasing NM thickness. Specifically, 
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because the amount of strain energy stored in the NM is directly proportional to its 
thickness, when very thin compared to the substrate, the NM contains insufficient strain 
energy to drive defect formation (Freund and Suresh 2003). For the 84-nrn-thick NM the 
measured area-averaged strain saturates at ~ 1.4 % above ~500 kPa, as shown in Figure 
4.2(c). For the 24-nrn-thick NM, the area-averaged tensile strain continues to increase 
linearly with pressure up to a value of 2.0% at 700 to 800 kPa. Results for the 44-nrn-
thick NM are consistent, with the area-averaged strain reaching a peak value of ~2.0% at 
a pressure of ~ 700 kPa and then leveling off. The comparison between the traces in 
Figure 4.2 therefore highlights the importance of nanoscale thicknesses to obtain the 
desired large amounts of tensile strain. 
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CHAPTERS 
Strain-Dependent Photoluminescence Measurements of Germanium 
Nanomembranes 
In this section, I describe the room-temperature strain-resolved photoluminescence (PL) 
measurements that I performed on Ge NMs of different thicknesses. In these 
measurements, a significant red-shift and enhancement in the PL intensity is observed 
with increasing tensile strain, consistent with the decreasing bandgap energy as a function 
of strain. Furthermore, the thickness dependence of the maximum achievable strain that 
was determined via Raman spectroscopy is observed in the PL measurements as well. In 
particular, light emission from Ge strained beyond the onset of direct-bandgap behavior 
is obtained from the thinnest (24 nm) NM tested, due to its ability to handle higher strains 
before it gets plastically deformed. 
5.1 Strain-Resolved Photoluminescence Measurements Methods 
The light emission properties of the tensilely strained Ge NMs are investigated via room-
temperature PL studies. Similar to the Raman measurements, the strain in the Ge NMs is 
introduced by the application of high-pressure gas in the sample holder shown in Figure 
4.1(b). The pump light is provided by a tunable optical parametric oscillator (OPO), and 
consists of a train of pulses having 5-ns width, 20-Hz repetition rate, 960~nm wavelength, 
and 3-mW average power (0.15-mJ pulse energy), focused onto the NM with a spot size 
of about 1 mm. The emitted light is dispersed through a monochromator and finally 
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measured using a room-temperature extended-range InGaAs photodetector with 1.2-2.6 
/-LID spectral response and 45 MHz bandwidth. To increase the measurement sensitivity, 
gated detection is performed using a box-car integrator. The measured PL spectra are 
normalized to the spectral response of the setup, which is determined by the reflectivity 
of the monochromator grating and the responsivity of the photodiode. A schematic 
illustration of the PL setup is illustrated in Figure 5 .1. 
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Figure 5.1 A schematic illustration of the PL setup 
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5.2 Photoluminescence Measurements Results 
5. 2.1 40-nm Germanium Nanomembrane 
Exemplary room-temperature PL spectra obtained from a 40-nm-thick NM at different 
strains are shown in Figure 5.2(a). The applied stress (gas pressure) during this particular 
experiment was kept below the point of plastic deformation observed with a NM of 
similar thickness [ ~ 700 kPa according to the data of Figure 4.2(b)], so that the 
stress/strain relationship could be subsequently determined via Raman spectroscopy on 
the same NM. The relationship is plotted in Fig. 5.2(b), and the strain values shown next 
to each spectrum in Fig. 5.2(a) were determined from this curve. As the strain is 
increased, the emission wavelength in Figure 5.2(a) undergoes a pronounced red shift 
while the integrated PL intensity increases, indicating enhanced light emission efficiency. 
This behavior is consistent with the expected lowering of the r -point conduction-band 
edge relative to the L-valley minima with increasing tensile strain, so that more and more 
of the photoexcited electrons thermalize near the r minimum, where they can efficiently 
recombine via interband light emission. 
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Figure 5.2 (a) Room-temperature strain-resolved PL spectra of a 40-nm NM. Each spectrum is 
shifted vertically for illustration clarity. (b) Stress-strain curve of a 40-nm NM, which is used to 
infer the strain values shown next to each spectrum in (a). 
In general, all four transitions, namely c!-LH, c!-HH, indirect conduction-to-light-hole 
(cL-LH) and indirect conduction-to-heavy-hole (cL-HH), can participate in the emission 
process. To identify their respective contributions, the PL spectra of Figure 5.2(a) were 
normalized to the spectral response of the measurement setup, and then numerically fitted 
with multiple Gaussian peaks. As an illustration, the normalized PL spectra measured at 
three representative strain values are shown by the symbols in Figure 5.3, together with 
the corresponding Gaussian fits (solid lines). The peak emission energies of all the fitting 
curves obtained with this procedure are plotted in Figure 5.4 together with the strain 
dependent bandgap energies calculated in Chapter 2 using deformation potential theory. 
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Figure 5.3 PL spectra (symbols) of a 40-nm NM measured for three different tensile strain values 
together with their corresponding Gaussian fitting curves (solid lines). 
Near zero strain, the HH and LH band edges are nearly degenerate, and therefore in the 
numerical fits we can resolve only two peaks, the direct and indirect transitions. At high 
strain, indirect transitions are suppressed because of the decreasing number of electrons 
in the L valleys, in addition to their inherent weakness. Correspondingly, the high-strain (> 
1 %) spectra could also only be fitted with two peaks, due to cr-HH and cr-LH 
transitions. At intermediate strain values, convergence of the numerical fits could be 
obtained with more than two peaks, indicating the simultaneous presence of both direct 
and indirect transitions into both valence bands (HH and LH). With these assignments, 
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the agreement between experimental peak emission energies and theoretical bandgap 
energies shown in Figure 5.4 is quite good. Possible sources of discrepancy include small 
heating of the NM by the strong PL pump pulses, leading to a decrease in the bandgap 
energies, and band filling effects causing a blue-shift in the energy of peak emission 
relative to the bandgap (Coldren and Corzine 1995; Chuang 2009). The numerical-fit 
results shown in Figure 5.4 demonstrate a very large strain-induced red shift of the cf'-
LH transition, from 1535 to 2227 nm as the strain increases to 1.78 %. 
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Figure 5.4 Peak positions of the fitting curves to the spectra of Figure 5.2(a) (symbols) plotted 
together with the theoretical bandgap energies of Ge as a function of strain (solid lines). 
In Figure 5.5 we show the strain dependence of the measured direct-bandgap PL intensity, 
together with its individual cf'-HH and cf'-LH contributions where distinguishable, as 
obtained from the integrated areas under the corresponding fitting peaks. It should be 
noted that these PL signals are collected along the sample surface normal, and therefore 
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only correspond to the TE (i.e., in-plane polarized) emission. In contrast, most of the 
photons created via electron/LH recombination under biaxial strain have TM polarization 
as previously determined from Eq. (2.8) and Figure 2.2, and therefore propagate on the 
plane of the NM and cannot be detected in our geometry. This selection rule is 
particularly strong under high tensile strain, because of the resulting increase in the 
fractional Pz character of the LH states (z being the direction normal to the surface) (Pizzi, 
Virgilio et al. 201 0). These considerations explain why the largest contribution to the 
measured emission is consistently provided by cr-HH transitions, despite the higher 
energy and therefore larger hole occupancy of the LH band under tensile strain. 
Furthermore, once the TM components of the luminescence are properly accounted for, 
the overall strain-induced enhancements in PL intensities are found to be much larger 
than suggested by Figure 5.5. Specifically, we estimate that at 1.78% strain the total cr-
LH emission of the NM under study has increased relative to its zero-pressure value by a 
factor of about 20. This value is obtained from the experimental data by first estimating 
the TE and TM components of both cr-HH and cr-LH luminescence, at zero pressure 
and at the highest measured strain. Near zero strain, the cr-HH and cr-LH contributions 
to the measured TE emission are degenerate and therefore only their sum can be 
experimentally determined. Their individual intensities are then computed based on the 
ratio of their respective reduced effective masses. Furthermore, near zero strain the 
emission is isotropic and therefore has equal TE and TM components, due to the cubic 
symmetry of the Ge crystal structure. At the highest strain ( 1. 78 % ), the TE components 
of the cf' -HH and cr -LH PL intensities are obtained independently from the measured 
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spectra, as shown in Figure 5.5. The corresponding TM components are then estimated 
from the calculated ratios of the TE and TM components of the momentum matrix 
elements squared, as shown in Figure 2.2. The expected emission enhancements are then 
obtained by comparing the total cr-HH or cr-LH PL intensities (each given by twice the 
TE component plus the TM component) at zero pressure and 1. 78-% strain. 
For the cr-HH transitions, a smaller increase by only about 3 is obtained, due to · the 
lowering of the HH valence band below the LH one (and corresponding decrease in HH 
population) with increasing tensile strain. Eventually, this trend more than compensates 
for the concomitant increase in electron density at r, and the cr-HH PL intensity begins 
to decrease. 
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Figure 5.5 Measured TE component of the direct-bandgap PL intensity of the spectra of Figure 
5.2(a) and its individual cr-HH and cr-LH contlibutions (where distinguishable), plotted in 
arbitrary units as a function of strain. 
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5.2.2 57-nm Germanium Nanomembrane 
The room-temperature PL spectra of several other NMs of different thicknesses were 
measured under similar conditions. Figure 5.6(a) shows the strain-resolved PL spectra 
obtained with a 57-nrn NM, together with the analysis of these data including the PL 
peaks positions [Figure 5.6(c)] , and the PL intensity enhancement [Figure 5.6(d)] , as a 
function of strain. The strain values were determined as a function of applied gas pressure 
based on the Raman measurement results plotted in Figure 5.6(b). The PL peak positions 
are again in very good agreement with the theoretical bandgap energy curves, and the 
strain dependence of the PL intensity enhancement shows a similar trend as in the case of 
the 40-nm NM of the previous section. Therefore, these results show the consistency of 
the strain-dependent PL behavior for different membranes of different thicknesses. 
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Figure 5.6 (a) Room-temperature, strain-dependent PL spectra of a 57-nm NM (vertically shifted 
for illustration clarity) (b) Stress-strain curve of a NM of similar thickness (60 run) determined 
via Raman measurements. (c) Peak energies of the fitting curves of the spectra shown in (a) 
plotted together with the strain-dependent bandgap energy curves determined by deformation 
potential theory. (d) TE-component PL intensities of the spectra shown in (a) as a function of 
strain (in arbitrary units) . 
5.2.3 24-nm Germanium Nanomembrane 
Finally, Figure 5.7(a) shows several PL spectra measured with a thinner (24 nm) Ge NM 
at different strains. The emitted power levels in this case are substantially lower than the 
two other strain-resolved PL spectra shown above, attributable to smaller pump light 
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absorption and increased nonradiative surface recombination in thinner samples. As a 
result, the weaker, longer-wavelength emission peaks due to cr-LH transitions cannot be 
unambiguously resolved in these luminescence spectra. At the same time, the smaller NM 
thickness allows reaching strain values up to 2.00% (above the threshold for turning Ge 
into a direct-bandgap material) with higher structural integrity across the NM area. The 
normalized PL spectrum measured at 2.00% strain is plotted in the inset of Figure 5.7(b) 
together with a single-peak numerical fit. The emission wavelength inferred from this fit 
is 1950 nm, longer than the calculated cr-HH bandgap wavelength at the indirect-to-
direct transition point. Therefore, both strain and PL measurements here indicate the 
formation of direct-bandgap Ge. This conclusion is clearly illustrated in Figure 5.7(b), 
where the peak emission energies from Figure 5.7(a) are plotted as a function of strain 
together with the theoretical bandgap energies. Similar to the analysis of the PL spectra 
of the 40-nm and 57-nm NMs, the agreement between theory and experiments is quite 
good. 
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Figure 5.7 (a) Room-temperature, strain-resolved PL spectra of a 24-nm NM. (b) Peak positions 
of the fitting curves to the spectra plotted together with the theoretical bandgap energy curves as a 
function of strain. The inset shows the spectrum taken at the highest applied stress. 
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CHAPTER6 
Demonstration of Pumping Above Optical Transparency 
In this chapter, I begin by calculating spontaneous emission spectrum of tensilely strained 
Ge using the effective mass approximation. Similar to the gain calculations of chapter 3, 
Ge here is assumed to be undoped and at room temperature. The calculated TE-polarized 
spontaneous emission spectrum is then fitted . to the experimental data presented in 
Chapter 5 in order to determine the carrier density generated during the PL measurements. 
This inferred carrier density is then used to calculate the gain spectrum under the same 
straining conditions utilizing the method described in Chapter 3. This analysis allowed 
us to demonstrate the population inversion was achieved in the previously described 40-
nm NM and 57-nm NM before their strain threshold for plastic deformation. Furthermore, 
the minimum amount of strain required to introduce gain in undoped Ge could be inferred 
from these calculations. The latter findings also allows estimating the maximum NM 
thickness that can enable reaching population inversion under realistic pumping 
conditions. 
6.1 Calculation of TE-Polarized Spontaneous Emission Spectrum 
The TE-polarized spontaneous emission spectrum of tensilely strained Ge is calculated 
using the following well-known textbook formula (Coldren and Corzine 1995) 
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In this equation, K is a constant that in practice depends on the collection efficiency of the 
PL measurement setup, among other factors, and all other symbols are as defmed in 
Chapter 3. Once again, parabolic energy bands are assumed, and the relevant materials 
parameters are calculated as a function of strain as discussed previously. For a more 
realistic description of the actual experimental sample; the spontaneous em1sswn 
spectrum is initially computed as a function of strain [with a Lorentzian lineshape 
function ((hv0 - £21) accounting for lifetime broadening with a typical value of 0.1 ps 
for the intraband scattering time (Coldren and Corzine 1995)], and then convoluted with a 
Gaussian strain distribution with mean value and standard deviation based on the Raman 
spectroscopy results. 
Importantly, Eq. (6.1) only depends on the multiplicative factor, K, the quasi-equilibrium 
carrier density generated by the PL pump light, N, and the strain dependent bandgap 
energies, effective masses and momentum matrix elements. The last three parameters are 
determined using the methods and material parameters defined in Chapters 2 and 3. In the 
calculations of the spontaneous emission spectra, N can then be used as a fitting 
parameter to match the calculated spectra to the data presented in Chapter 5. 
As shown in Figures 5.2(a) and 5.6(a), the individual contributions ofthe cr-HH and cr-
LH transitions to the PL spectra can be clearly distinguished from each other under high 
strain conditions, particularly at 1.42%-strain for the 57-nm NM and 1.78%-strain for the 
40-nm NM described in the previous chapter. This ability to clearly resolve the cr -HH 
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and cr-LH emission peaks offers a unique opportunity to estimate the quasi-equilibrium 
carrier density N produced by the pump pulses, and therefore ascertain whether the NM 
may already be pumped above transparency. Specifically, the total TE-polarized 
spontaneous emission spectra of 1.42%- and 1. 78%-tensilely strained Ge are calculated, 
with the ratio between the cr-HH and cr-LH emission peaks adjusted to fit the measured 
ratio using N as the only fitting parameter. 
6.2 Comparison Between Theoretical and Experimental Results 
The calculated room-temperature TE-polarized emission spectrum of 1.42-% strained Ge 
including both cr-LH and cr-HH contributions is plotted in Figure 6.1 (solid line), 
together with the normalized PL data at 1.42-% strain from Figure 5.6(a) (symbols) and 
the corresponding double-Gaussian fits (dashed lines). The agreement with the data is 
reasonably good, except for the dip between the two peaks in the theoretical spectrum, 
which can be attributed to the assumption of parabolic valence bands. In reality, as we 
move down in energy from the top of the LH band towards the top of the HH band, the 
LH band becomes increasingly nonparabolic (El Kurdi, Fishman et al. 201 0) due to 
valence-band mixing; as a result, its curvature decreases, leading to an increased joint 
density of states Pr and therefore increased light emission. As a result, in reality the 
higher-energy photons due to such cr-LH transitions fill in the dip observed in the 
calculated spectrum. Furthermore, a small discrepancy in the peak positions of the 
calculated and measured spectra is also observed in Figure 6.1, which can be due to small 
heating of the NM by the strong PL pump pulses, leading to lattice thermal expansion 
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(equivalent to more tensile strain) and therefore reduced bandgap energies. The specific 
value of N inferred from the fit of Figure 6.1 is 3.0x10 18 cm·3, which is above the 
calculated transparency carrier density of Ge under 1.42% biaxial tensile strain [2.1 x 1018 
cm·3 as shown in Figure 3.4(a)]. 
Therefore, this NM under the same strain and pumpmg conditions used m the 
measurement already features a population inversion. At the same time, however, using 
the theoretical model of Chapter 3 to determine the gain spectrum of strained Ge, a 
relatively small peak gain coefficient of less than 10 cm·1 is ·predicted for this estimated 
carrier density of 3.0x 10 18 cm·3 at 1.42 % strain, as shown in the inset of Figure 6.1. We 
therefore conclude that this strain level can be regarded as a lower bound to what is 
needed to obtain significant optical gain in undoped Ge under high but realistic pumping 
conditions (as in our measurements). It should also be noted that this conclusion is fully 
consistent with the simulation results of Figure 3.4(a), where the calculated transparency 
carrier density can be seen to approach experimentally accessible values of a few 1 018 
cm·3 for tensile strain levels in excess of about 1.4 %. As the strain is further increased, 
substantially larger population inversions and therefore higher peak gain coefficients can 
be obtained, as illustrated in Figure 3.3. 
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Figure 6.1 Normalized PL spectrum of a 57-nm NM at a strain of 1.42 % (symbols) and 
calculated TE-polarized spontaneous emission spectrum (solid line). The dashed lines are 
Gaussian fits to the experimental data. The inset shows the calculated TM gain spectrum of Ge at 
1.42% strain level and for the carrier concentration inferred from the fit (3 .0x 1018 cm-3) . 
To substantiate the latter prediction, in Figure 6.2 we show the results of a similar 
analysis performed on the PL spectrum from a more highly strained (1.78 %) thinner (40 
nm) NM. The larger average tensile strain that could be introduced in this sample is a 
direct consequence of its smaller thickness, which allows for a proportionally higher 
stress to be applied before the onset of extended-defect formation. 
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Figure 6.2 Normalized PL spectrum of a 40-nm-thick Ge NM at a strain of 1.78 % (symbols) and 
calculated TE-polarized spontaneous emission spectrum (solid line). The dashed lines are 
Gaussian fits to the experimental data. The inset shows the calculated TM gain spectrum of Ge at 
1.78% strain level and for the carrier concentrations inferred from the fit (3.9 x 1018 em·\ 
The carrier density N inferred from this analysis (3.9x 1018 cm-3) is over twice as large as 
the calculated transparency value at 1.78 % strain [1.5 x l018 cm·3 in Figure 3.4(a)]. The 
data of Figure 6.2 therefore suggest a much stronger population inversion compared to 
the NM of Figure 6.1, consistent with the continuous decrease of the r minimum relative 
to the L valleys with increasing strain. The corresponding theoretical gain spectrum, 
computed with the model presented in Chapter 3, is shown in the inset, where a large 
peak value of 250 cm· 1 (at a wavelength of about 2.3 f.!m) is observed. It should be 
emphasized that, in the experimental geometry of Chapter 5, no indications of stimulated 
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emission and optical amplification can be observed, because of the ultrasmall propagation 
length (:S 40 run) of the detected light in the NM. At the same time, however, the analysis 
of Figure 6.2 indicates that if the same NM were placed in an optical cavity for in-plane 
propagating light with reasonably low losses and high optical confinement, lasing action 
would be feasible. 
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CHAPTER 7 
Two-Dimensional Photonic-Crystal Structures on Germanium 
Nanomembranes 
As previously discussed, the light emitted from Ge under high tensile strain is dominated 
by the cr-LH transitions due to the valence band splitting. Since the emission due to 
these transitions is mostly TM-polarized under high tensile strain, an additional scattering 
mechanism is required to out-couple the emitted light in the direction perpendicular to the 
plane of the NM. Furthermore, as also demonstrated in prior sections of the thesis, gain 
can be achieved in Ge under high strain levels, but only TM-polarized cf'-LH transitions 
result in appreciable gain values. Therefore, we have fabricated two-dimensional (2D) 
periodic structures on Ge NMs to provide vertical extraction and in-plane optical 
feedback for such TM-polarized photons. This chapter is devoted to the design and 
fabrication of these structures together with the PL measurement results of NMs coated 
with such gratings. Several different materials have been used to fabricate the gratings, 
namely poly-methyl-methacrylate (PMMA), gold (Au), amorphous Si (a-Si), and 
amorphous Ge (a-Ge). The strain-resolved PL measurements of the grating-coated NMs 
demonstrate significantly enhanced collection of the in-plane emitted TM-polarized 
photons. Furthermore, we have also observed the excitation of photonic-crystal cavity 
modes in the case of a-Ge gratings, which opens the way for the future demonstration of 
lasing from these NMs. 
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7.1 Diffraction Mechanisms in 1-Dimensional Gratings 
From the grating equation, the in-plane emitted light can be diffracted by a (lD) grating 
in the out-of-plane direction (i.e. perpendicular to the NM surface) if A = ~' where A is 
neff 
the grating periodicity, A.0 is the free-space wavelength and n eff is the effective refractive 
index of the emitted light propagating in the PI/Gel grating waveguide. This situation is 
described schematically in Figure 7.1, 
Figure 7.1 lllustration of diffractive scattering of the in-plane propagating light in a NM by a lD 
grating 
where the wavevector of the in-plane emitted light is kx = zrrneff, and can then be 
Ao 
modified by the periodic structure as follows (Chuang 2009). 
2rr 
k x - > k x,scatt = kx - m-;:: I (7.1 ) 
where m is an integer that defines the diffraction order. For first- and second-order 
diffraction by such ID grating, the wavevector of the scattered light is given by Eq. (7.2) 
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and Eq. (7.3), respectively (where it is assumed that the Bragg condition A=~ is 
neff 
satisfied): 
k _ 2nneff 2rr _ 2nneff 2nneff _ Q 
x,scatt-~-7:-~-~- (7.2) 
k _ 2nneff 2 2rr _ 2nneff 4nneff _ 2nneff x ,scatt -~- 7:-~-~--~ (7.3) 
Eq. (7.2) shows that the first-order diffracted light from the grating does not have any in-
plane component, and therefore can be coupled to the free-space radiation propagating in 
the direction perpendicular to the plane of the sample. In other words, first-order 
diffraction by the periodic structure of Figure 7.1 can scatter the TM polarized photons 
created by the cr-LH transitions in the direction perpendicular to the plane of the NM, 
thereby enabling the collection of such photons in our vertical-emission PL setup. 
Furthermore, as seen from Eq. (7.3) the same periodic structure can also cause the in-
plane propagating photons to be reflected back through second-order diffraction. The 
resulting optical feedback in the plane of the sample is the mechanism that enables lasing 
in second-order distributed feedback (DFB) lasers. Similar diffraction mechanisms apply 
for 2D gratings, where they can provide stronger scattering due to the periodicity in both 
lateral directions. Therefore, TM-polarized photons emitted by the cf-LH transitions can 
be efficiently collected via first-order diffraction by a 2D grating fabricated on the NM. 
Such grating can also lead to lasing as a result of the in-plane feedback of the TM-
polarized photons, if the NM optical gain can be made exceed the cavity losses. Such 
lasers are called band-edge lasers, since their lasing frequencies correspond to the band-
edge modes of the grating photonic band structure, as explained in more details below. 
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7.2 Introduction to Band-Edge Lasers 
Photonic band edge lasers, also known as slow Bloch mode (SBM) lasers, rely on the 
band-edge modes of the dispersion diagram of a 2D periodic lattice, as opposed to the 
well-known photonic crystal lasers whose operation involves a mode inside the photonic 
bandgap created by incorporating a defect in the lattice. Band-edge lasers operate at the 
high symmetry points of the dispersion diagram of a periodic structure, and the main 
mechanism that allows lasing at these frequencies is the small group velocity (v9 ) of the 
modes in these regions of the ark curve (Dowling, Scalora et al. 1994; Mekis, Meier et al. 
1999; Monat, Seassal et al. 2002; Ryu, Kwon et al. 2002; Colombelli, Srinivasan et al. 
2003; Kwon, Ryu et al. 2003; Mouette, Seassal et al. 2003; Letartre, Monat et al. 2005; 
Van Campenhout, Bienstman et al. 2005; Park, Kim et al. 2007; Reboud, Lovera et al. 
2007; Sakai, Miyai et al. 2007; Vecchi, Raineri et al. 2007; Joannopoulos, Johnson et al. 
2008; Sirigu, Terazzi et al. 2008; Kim, Lee et al. 2009; Martinez, Alen et al. 2009; 
Raineri, Yacomotti et al. 2009; Kim, Yoon et al. 2010; Kim, Kim et al. 2011; Kim, Ahn 
et al. 2011 ; Nair, Tiwari et al. 2012; Reboud, Romero-Vivas et al. 2013). Figure 7.2 
shows a representative dispersion diagram (photonic band structure) of an infinitely tall 
square lattice of dielectric pillars in air. The left inset shows the first Brillouin zone ofth,e 
square lattice together with its irreducible zone shaded in blue. The high symmetry points 
where the bands flatten with a resulting increase in the photonic density of states are 
denoted in this figure as r , X and M. The photon group velocity, Vg = dwjdk, becomes 
zero at these points. The resulting zero-group-velocity modes have stationary optical 
wavefunctions, and therefore they are laterally confmed in ·the periodic structure. A more 
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intuitive explanation of what happens near these high symmetry points is that the photons 
in such modes undergo many multiple reflections and can only slowly percolate through 
the lattice with a mean velocity of v9 (Dowling, Scalora et al. 1994). Therefore, in the 
presence of a gain medium, the effective gain can be enhanced due to the increased time 
that these slow-group-velocity photons spend within the active medium. Such gain 
enhancement effect for the slow Bloch modes can facilitate lasing in band-edge lasers. 
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Figure 7.2 Photonic band structure of a square-periodic array of infinitely tall dielectric (alumina) 
columns in air with r/a = 0.2, where rand a are the radius and periodicity of the pillars. The right 
inset shows a top-view of this square lattice of columns. The left inset shows the first Brillouin 
zone of the same structure, and the blue shaded region refers to the in-educible zone. From 
(Joannopoulos, Johnson et al. 2008) 
The dispersion diagram of an infinitely tall pillar array shown in Figure 7.2 is calculated 
based on 2D simulations. However in reality pillars have finite height; therefore the third 
dimension should also be included in the simulations, either by carrying out full 3D 
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calculations or through some approximations to reduce the calculation time. Figure 7.3 
shows the band structure of a square lattice of dielectric columns with finite height. As 
opposed to the band structure of the infinite columns, a light cone, shaded in purple, 
appears in this case. The light cone comprises the frequencies higher than those defined 
by the light line (the black thick line in Figure 7.3), which is defined as w = ck11 , where 
k11 is the in-plane wavevector and c the speed of the light in the medium surrounding the 
photonic crystal slab (e.g. , free space). In general w = clkl = c jkiT + ki_ , where k.1. is 
the perpendicular wavevector. For the frequencies above the light line w > ck 11 , and 
therefore k.1. takes real values. As a result, modes above the light line (inside the light 
cone) are radiation modes that can leak into the free space. On the other hand, for the 
modes below the light line w < ck11 , which results in imaginary k.1. given by k.1. = 
+i j kiT- w2 jc 2 . Such modes are guided inside the periodic lattice and only decay 
evanescently into the free space above and below. 
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Figure 7.3 Photonic band structure of a square-periodic array of dielectric columns with finite 
height suspended in air. The purple shaded region is the light cone. From (Joannopoulos, Johnson 
et al. 2008) 
Photonic band-edge lasers can be divided into two categories, namely vertical emitting 
lasers and in-plane emitting lasers. Vertical emitting band-edge lasers operate with modes 
at the r-point of the dispersion diagram, which reside above the light line. Such modes 
not only provide gain enhancement due to their small group velocity, but can also couple 
out vertically to free-space radiation due to their real nonzero k1.. As a result, these lasers 
emit in the direction perpendicular to the plane of the periodic structure. On the other 
hand, in-plane emitting band-edge lasers operate with modes at the X or M point of the 
dispersion diagram (in the case of a square lattice), below the light line. Such modes are 
well guided inside the periodic structure and only exponentially decay into the free space. 
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As a result, the laser light is emitted in the direction parallel to the plane of the periodic 
structure. 
In this work, 2D periodic structures are fabricated on top of tensilely strained Ge NMs, 
with the main goal of out-coupling the in-plane emitted light due to TM-polarized cr-LH 
transitions. As a result, the detailed spectral shape and full magnitude of the strain-
enhanced luminescence of these NMs can be investigated. Furthermore, luminescence 
signatures associated with r -point photonic crystal modes are observed in the measured 
spectra, indicating that similar structures could be used for the development of a vertical-
emitting band-edge laser. Finite-difference time-domain (FDTD) simulations are also 
carried out to interpret the measurement results, and estimate the cavity losses that need 
to be minimized to enable laser action. 
7.3 2D Metal and Polymer Gratings on Germanium Nanomembranes 
In this section, I will describe my initial attempts to develop 2D periodic structures on 
mechanically stressed Ge NMs, with emphasis on two specific examples. In one sample, 
consisting of a 40-nm Ge NM sitting on a 125-J.!m PI film, the grating is patterned on a 
360-nm-thick PMMA film spun on the NM, using electron beam lithography (EBL). This 
2D PMMA grating has a square lattice with 600-nm square holes and a period of 1.2 J.!m. 
In the other sample, the grating is fabricated on top of a 72-nm Ge NM and consists of a 
square lattice of square gold (Au) pillars, having 40-nm height and 500-nm width. The 
grating periodicity is 1 J.!m. This sample was fabricated by EBL on a 180-nm-thick 
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PMMA layer, followed by Au deposition and lift-off. In both samples, the area covered 
by the grating is around 1 rnm, roughly equal to the spot size of the optical pump beam. 
The PL spectra at three different strain values measured by focusing the pump light onto 
the grating structures just described are shown in Figure 7.4, together with the emission 
spectra from a 40-nm NM without any grating. The Gaussian fitting curves used to 
identify the cf-LH and cf-HH contributions are shown with green lines in this figure and 
their sum is shown in red. It is observed that the longer-wavelength emission due to cf-
LH transitions is enhanced by the gratings as compared to the case of PL from the bare 
sample. In other words, part of the TM-polarized light emitted through cf-LH transitions 
is scattered in the direction perpendicular to the NM, and therefore can be collected by 
the collection optics of our PL setup. Furthermore, light at neighboring wavelengths can 
be diffracted out ofthe sample along oblique directions (as can be inferred from Eq. 7.1). 
As a result, the grating allows measuring in-plane-emitted light over a relatively broad 
wavelength range, ultimately determined by the numerical aperture of the lens used to 
collect the sample luminescence. 
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Figure 7.4 PL spectra at 45, 60 and 75 PSI measured with (a) a PMMA grating on top of a 40-nm 
NM, (b) a Au grating on top of a 72-nm NM and (c) a 40-nm NM without any grating. 
The effectiveness of the grating to diffractively scatter the in-plane emitted light also 
depends on the ability of the PI/Ge/grating structure to support well confined optical 
modes in the vertical direction. Unfortunately, in the case ofthe PI!Ge/PMMA grating 
structure, the total emitted light can hardly be confined due to the low refractive index of 
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PMMA (nPMMA = 1.5), similar to that of PI (np1 = 1.7), combined with the ultra-small, 
highly sub-wavelength thickness of the Ge layer. In the case of the NM with the Au 
pillars, another important limitation is the strong absorption of gold at the emission 
wavelengths, leading to particularly noisy spectra in Figure 7 .4. Therefore, it is concluded 
that metals are not good candidates and a material with negligibly small loss at the 
emission wavelengths is required. Furthermore, the material of choice should possess 
high refractive index (higher than npJ) to provide large optical confinement. 
7.4 2D Gratings Fabricated with a-Si:H 
Hydrogenated amorphous Si (a-Si:H) was found to be a suitable CMOS-compatible 
material platform for this application. An important property of this material is that both 
its refractive index and its absorption coefficient can be tuned by changing the deposition 
parameters. In order to optimize these parameters to obtain high refractive index and low 
losses, a-Si:H films were deposited on Si substrates using reactive magnetron sputtering 
under several different deposition conditions. Specifically, different gas flow rates of 
hydrogen (H) and argon (Ar) were used for different samples while keeping the total gas 
flow rate constant (11 seem). Figure 7.5 shows the refractive-index and absorption 
spectra of the deposited films measured with a spectroscopic ellipsometer. Both refractive 
index and absorption coefficient are observed to decrease with increasing H content as 
expected. In particular, hydrogen incorporation during deposition passivates the defect 
states inside the bandgap of the a-Si film, so that an increase in the H flow rate leads to a 
decrease in the absorption coefficient. The optimum H-flow rate is determined from these 
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data to be about 0.8 seem, which yields a sufficiently high refractive index at the 
emission wavelength (around 3.2 at 2 )lm) and negligibly small absorption coefficient at 
both the pump and the emission wavelengths. 
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Figure 7.5 (a) Refractive index and (b) absorption coefficient of a-Si:H films with different Ar 
and H contents. 
In a subsequent experiment, a 50-nm-thick a-Si:H film was sputtered on a 40-nm Ge NM 
using 0.8 seem H flow rate, and the Ge PL was then measured to determine if the strain 
introduced in the NM is affected by the continuous a-Si:H film. The measured PL spectra 
from this sample indeed indicate that the NM strain saturates at a value smaller than 1 % 
(as illustrated in Figure 7.6) and cannot be increased further by increasing the applied gas 
pressure. Based on these results, it is concluded that a grating structure consisting of 
holes patterned in an a-Si:H film would also not allow to increase the NM strain to the 
required values, due to the presence of a continuous film of a-Si:H between neighboring 
holes. On the other hand, a-Si:H can still be used to define 2D gratings on NMs if 
patterned in the form of a periodic array of pillars. Since such pillars are arranged on the 
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NM in a disconnected fashion, we can expect that their presence would not limit the NM 
mechanical flexibility, at least in the regions in between adjacent pillars. 
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Figure 7.6 Stress dependent PL spectra of aGe NM with a 50-nm thick a-Si:H film deposited on 
top its surface. 
To determine the optimal array periodicity A satisfying the Bragg condition A=~ , 
neff 
waveguide simulations were performed on Comsol to compute the effective refractive 
index neff of the fundamental TM mode at the Ge NM emission wavelength A.0 (here 
taken to be 2.05 !J.m, which is the peak emission wavelength due to cr-LH transitions in 
1.3%-tensilely-strained Ge). In the simulated structure, a 2-!J.m PI layer is also added on 
top of the pillars to increase the confinement factor. A schematic cross-sectional view of 
the resulting waveguide geometry is shown in Figure 7.7, where the thickness of each 
layer is indicated in parenthesis. The material refractive indices used in the calculations 
are nee = 4.1, na-si :H = 3.2 and np1 = 1.7. 
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a-Si:H (50 nm) 
Figure 7.7 Schematic cross-sectional view of the waveguide structure investigated in the Comsol 
simulations. 
For the array layer, a weighted refractive index, nw, was used given by 
area of pillar + (l area of pillar ) 
n = n ·. - n 
w area of unit cell a-St.H area of unit cell PI · (7.4) 
Figure 7.8 shows the fundamental TM mode computed for an array filling factor of 
areaofpillar 0 38 Th fr · f 1· h 'd d · h G NM . hi . 
----=--....:__. __ = . . e actwn o 1g t gm e m t e e m t s geometry 1s 
area of umt cell 
around 1.5%, and the mode effective index, n eff' is 1.71. The optimal periodicity of the 
grating is therefore determined to be A = z.os ::::::: 1.2 11m. It should be noted that nw 
. 1.71 r 
increases with increasing filling factor with a resulting enhancement in the confinement 
factor. However, fabrication of closely packed pillars was not considered in this study, 
because it might limit the maximum amount of strain that can be introduced in the Ge 
area between neighboring pillars. 
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Figure 7.8 Field intensity profile of the fundamental TM mode of the waveguide structure of 
Figure 7.7, calculated for (area of pillar)/(area of unit cell) = 0.38. The red arrows show the 
direction and intensity of the electric field of the mode. A waveguide width of 5 f..Lm is assumed in 
this simulation. 
To further optimize the grating geometry, the shape of the pillars was selected so as to 
maximize the coupling of the in-plane emitted light to free-space radiation in the 
direction perpendicular to the plane of the NM. The coupling coefficients for circular and 
square pillars arranged in a square-periodic lattice can be calculated as follows (Sakai, 
Miyai et al. 2007): 
81 
_ 2rr ( ) a 2 • 2 (rrneffa) 
Ksquare - ilo fgr na-Si:H ~ np[ f1.2 SlnC ~ ' (7.5) 
f r = na-Si:H+npf J driU(r)l2, 
9 Zneff 
where r is the radius of the circular pillars, ] 1 is the first order Bessel function, r9 r is the 
fraction of the emitted light intensity confined in the grating, and a is the width of the 
square pillars. Kcircle and Ksquare were calculated as a function of r and a, respectively, 
for A.0 = 2.05 fJ.m and A = 1.2 f1m. The reciprocals of these coupling coefficients, which 
describe the average length travelled by the emitted light before scattering out-of-plane, 
are plotted in Figure 7.9. It is concluded that the circular pillars generally offer stronger 
coupling to free-space radiation, and 1/Kcircle can be reduced down to a few ten 
nanometers with pillar diameters of about 600 nm or larger. 
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strain-resolved PL spectra of this sample, where two well-resolved peaks can be clearly . 
observed at gas pressures of75PSI and higher (top three spectra in the plot). 
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Figure 7.10 Strain-resolved PL spectra of aGe NM with a square periodic array of 50-nm-tall a-
Si:H pillars on top. The pillars diameter and periodicity are 600 nm and 1150 nm, respectively. 
The applied gas pressure is increased from 15 PSI (bottom spectrum) to 105 PSI (top spectrum) in 
15 PSI increments. 
Several important conclusions can be drawn from Figure 7.1 0. First of all, a strong 
increase in the PL intensity together with a significant red-shift in the PL peak position is 
observed as a function of applied stress. These PL spectra were fitted with multiple 
Gaussian curves and the peak positions of the fitting curves are plotted as a function of 
strain in Figure 7.11, where the strain values were inferred from Raman measurements 
made on a bare NM with similar thickness. In the present samples, the local strain is 
expected to vary strongly as a function of position, since the overall strain energy is 
minimized when the NM regions directly under the pillars are less strained than the 
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regions m between neighboring pillars (experimental evidence of this behavior is 
presented below). Such variations occur on a sufficiently short length scale that they 
cannot be fully resolved in our Raman measurements. For this reason, the stress-strain 
curve of an unpattemed NM is used to obtain Figure 7 .11. The strong agreement between 
the theoretical bandgap energies of Ge (also plotted in this figure) with the PL peak 
positions then indicate that the NM strain continues to increase with increasing stress (up 
to at least 1.8%) in spite of the presence of the a-Si:H pillar array. This shows the validity 
of our assumption that such the disconnected structures do not compromise the NM 
mechanical flexibility. 
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Figure 7.11 Peak positions of the PL spectra of Figure 7.10 obtained by numerical fitting plotted 
as a function of strain together with the calculated bandgap energies of Ge. 
The results shown in Figure 7.10 also provide strong evidence of the effectiveness of the 
grating to perform its intended duties. Specifically, the long-wavelength peaks in the 
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high-pressure spectra (75PSI and higher) are attributed to diffractive scattering by the 
grating of the TM-polarized cf-LH emission. As already discussed, first-order diffraction 
can scatter such in-plane propagating photons in the vertical direction if their free-space 
wavelength satisfies the Bragg condition A.0 = nerrA , which is ~2050nm for this 
particular structure. Furthermore, light at neighboring wavelengths can be diffracted out 
of the sample along oblique directions. As a result, the grating allows measuring in-
plane-emitted light over a relatively broad wavelength range, ultimately determined by 
the numerical aperture of the lens used to collect the sample luminescence. In Figure 7 .12, 
the 90-PSI spectrum of Figure 7.10 is plotted together with a spectrum measured with a 
bare 40-nm NM under the same straining conditions for a more direct demonstration of 
the effectiveness of the grating to enhance detection ofthe cf-LH emission. 
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Figure 7.12. Comparison of the 90-PSI PL spectra of a 40-nm NM with (black squares) and 
without (red squares) a grating. The green and blue curves are Gaussian fitting curves. 
The third main conclusion inferred from the spectra of Figure 7.10 is evidence of the 
aforementioned strain non-uniformity in the NM caused by the pillar array. Specifically, 
as the estimated strain is increased past 1 % a shoulder appears in these spectra, centered 
at a wavelength of about 1. 7 !1ID regardless of the applied stress. This behavior is 
attributed to a saturation of the NM strain in the regions immediately underneath the 
pillars, caused by the larger local thiclmess of the overall film in these regions, composed 
of the-40-nm thick Ge NM and the 50-nm-thick a-Si:H pillar. As a result, the emission 
from these regions does not further red-shift with increasing pressure, and instead 
remains peaked at a fixed wavelength of about 1.7 !illl, close to the calculated ci-HH 
bandgap wavelength of Ge at the saturation strain level of 1 %. It should be noted that 
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this ability to spatially modulate the NM strain (and therefore bandgap energy) under 
external mechanical stress may be exploited for the development of strain-induced lateral 
"heterostructures" which may find important device applications. 
While the results shown in Figure 7.10 are very prom1smg for all the reasons just 
discussed, we note that even at the highest applied pressures these spectra are still 
dominated by the (TE-polarized) cr -HH transitions, despite the larger density of LHs 
compared to HHs in tensilely strained Ge. Furthermore, no indications of photonic-
crystal cavity modes can be found in these spectra. These observations indicate that the 
grating in this sample only provides relatively weak diffraction of the in-plane emitted 
cr-LH light. A possible avenue to improve on these results is to use taller pillars, so as to 
increase the vertical confinement ofthe in-plane emission. However, attempts to fabricate 
taller a-Si:H pillars only produced empty "cups" (instead of filled columns), which could 
not provide any increase in diffractive scattering due to their small average index nw. 
Figure 7.13 shows a scanning electron microscopy (SEM) image of such empty shells of 
a-Si:H, fabricated by EBL with a very thick layer of PMMA (around 700 nm) followed 
by a-Si:H sputtering and lift-off. The shape ofthese structures is attributed to the fact that 
the sputtering deposition technique is not directional. Therefore, the deposited material 
first forms a shallow base at the bottom and then tends to accumulate on the side walls of 
the developed PMMA instead of filling the holes. Figure 7.14 shows an SEM image 
taken from a region where the lift-off process was partly unsuccessful (within the red 
dashed circle), where the shallow base region of the empty cups can clearly be observed. 
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Figure 7.13 SEM image of the empty "cups" of a-Si:H, which were intended to be fabricated as 
filled columns. 
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Figure 7.14 SEM image of the same sample of Figure 7.13 taken from a region where the lift-off 
process was partially unsuccessful, which clearly shows the shallow base of the "cups". 
The important conclusion is that sputtering is not a suitable deposition technique to 
fabricate tall pillars when used together with a lift-off process. Therefore, for the 
remainder of this thesis work I switched to electron-beam evaporation, which has the 
advantage of allowing for directional deposition. As a result, I also had to switch to a 
different grating material, namely amorphous Ge (a-Ge), which also features a high 
refractive index at the emission wavelengths. 
7.5 2D Gratings Fabricated with a-Ge 
2D a-Ge pillars were fabricated on Ge NMs using EBL followed by the a-Ge deposition 
via e-beam evaporation and finally lift-off. Since the aim was to fabricate tall pillars 
90 
[ultimately with thicknesses of around A-/(2neff)] , EBL was generally performed with a 
very thick layer ofPMMA (~900 nm). After lift-off, a thick layer of PI (~3 !-LID) is again 
spun onto the pillar array, in order to increase the vertical optical confinement of the TM-
polarized guided modes. The refractive index of the deposited a-Ge was measured via 
spectroscopic ellipsometry, and it was found to be around 4.1 at the emission 
wavelengths (~2 !-!ill). 
Figure 7.15 shows an SEM image offabricated a-Ge pillars, with nominal height of 300 
nm, on a 30-nm thick Ge NM. Even though the fabrication of this structure involves 
patterning cylindrical holes by EBL, the outcome is pillars with sloped side-walls. The 
exact reason is unclear but we expect that it may be related to one of the following two 
mechanisms or a combination of both. 
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Figure 7.15 SEM image of an a-Ge grating fabricated on top of a 30-nm Ge NM. The pillars 
feature sloped side walls with 700-nm base diameter, 300-nm height and 1280-nm period. 
First of all, these sloped side-walls might be the result of the heating of the PMMA 
during the long deposition time of the a-Ge. The developed PMMA is composed of 
circular holes, which are meant to be filled with a-Ge columns featuring perfectly vertical 
side-walls. However, we observed that the chuck on which the NM sits tends to heat up 
during the deposition process, which might result in thermal expansion of the PMMA. As 
a result, the diameter of the holes patterned in the PMMA gets smaller and smaller during 
the deposition of the a-Ge. The end results of this effect could be the cone-shaped pillars 
shown in Figure 7.15. 
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The other possible reason is related to the profile of the electron beam during EBL. As 
previously stated, the PMMA layer that we pattern via EBL is very thick ( ~900 nrn) to 
enable the fabrication of particularly tall pillars. This large PMMA thickness might result 
in different beam sizes on the upper and lower surfaces of the PMMA layer, since the 
electron beam is expected to defocus as it propagates into the PMMA. As the beam gets 
defocused, it expands in size causing the formation of sloped side-walls in the written 
pattern. After the exposed PMMA is developed, these holes with sloped side-walls are 
filled with a-Ge and the structures shown in Figure 7.15 are obtained. 
In any case, even though these fabricated a-Ge pillars do not have vertical side-walls, 
they can still provide diffraction of the TM-polarized cr-LH emission due to their 
periodic nature. Furthermore, as opposed to the a-Si "cups" of Figures 7.13 and 7 .14, 
these a-Ge pillars are "filled" with high-index material, leading to a much higher average 
refractive index nw, and therefore larger optical confinement. 
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Figure 7.16 Normalized PL spectra measured with aGe NM coated with an array of a-Ge pillars, 
for different values of the applied stress and of the average pump power. The estimated biaxial 
tensile strains in the NM are determined by comparing the spectral positions of the short-
wavelength emission peaks (inferred from multiple-Gaussian fits) with the strain-dependent 
theoretical c!-HH bandgap energy. 
Figure 7.16 shows room-temperature PL spectra of the sample of Figure 7.15 for 
different strain values. The red curves in each plot are measured with an average pump 
power of 0.5 m W, while the black curves correspond to an average pump power of 1 m W. 
In this sample, the Ge NM has a thickness of30 nm, and the pillars are 1280 nm in period, 
700 nm in base diameter, and 300 nm in height. The ability of this array to outcouple the 
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in-plane-emitted long-wavelength luminescence due to cf-LH transitions 1s well 
substantiated by the data of Figure 7 .16. At sufficiently high strain [Figures 7 .16(b )-
7.16(d)] , two emission peaks are clearly resolved, associated with cf-HH and cf-LH 
transitions in order of increasing wavelength. As the applied stress is increased, both 
peaks red-shift while their separation increases and the cf-LH feature grows 
progressively stronger. Eventually the overall luminescence spectrum becomes 
dominated by the latter feature, consistent with the higher hole population of the LH band 
compared to the HH band. This behavior is especially pronounced at the lower pump 
power used in these measurements (0.5 mW average), where the density ofphotoexcited 
holes that can thermalize in the HH band is particularly small. By comparison, in our PL 
spectra shown in Chapter 5 (where no diffractive arrays were employed) single-peak 
emission spectra were consistently measured, peaked at the shorter cf-HH transition 
wavelength, owing to the predominantly in-plane-propagating nature of the cf-LH 
emission. At the highest applied stress of Figure 7 .16( d), a peak emission wavelength as 
long as 2.4 1-lm is obtained. These results therefore directly demonstrate the predicted 
ability of tensilely strained Ge to provide interband light emission in the technologically 
important 2.1-2.5-!-lm mid-infrared atmospheric transmission window. 
Also indicated in the insets of Figures 7 .16( a )-7 ~ 16( d) are the values of the biaxial tensile 
strain correspondingly introduced in the NM. The values were estimated by comparing 
the spectral positions of the short-wavelength emission peaks (inferred from multiple-
Gaussian fits) with a theoretical plot of cr -HH bandgap energy versus strain. Specifically, 
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for this analysis we used the PL spectra measured at the lower pump power (0.5 m W), 
where deviations of the emission wavelength from the bandgap energy due to band filling 
effects are· minimal. Due to the strain nonuniformity caused by the presence of the pillars, 
Raman measurements are not reliable to determine the strain values in these 
nanomembranes. As a result, the indirect procedure just described likely produces a more 
accurate estimate of the strain in the NM regions providing the strongest emission. At the 
highest applied stress in Figure 7.16(d), the estimated biaxial tensile strain is over 2 %, 
indicating that in between neighboring pillars the Ge active material has been converted 
into a direct-bandgap semiconductor. 
Additional information about the properties of this NM/array sample can be inferred from 
its PL spectra measured with higher incident pump power. In Figure 7.17 we show 
examples of such spectra, measured at different strain levels with an average pump power 
of 3.5 m W. Under such relatively high excitation conditions, the HH band is also highly 
populated with photoexcited holes, at least in the immediate vicinity of the r point where 
most of the electrons within the direct conduction-band minimum reside. As a result, the 
emission becomes once again dominated by the cr-HH transitions by virtue of their more 
favorable polarization properties. For the same reason, the strain values obtained from the 
cr-HH emission wavelengths here are likely somewhat lower than the actual values, due 
to band filling effects. At the same time, the PL spectrum of the unstrained NM can now 
be clearly resolved (bottom trace in the figure), which allows estimating the increase in 
luminescence efficiency brought about by the applied stress. To that purpose, we 
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compare the number of emitted photons (proportional to the normalized PL spectrum 
divided by photon energy and integrated over all wavelengths) with and without stress. 
With this procedure, we find a maximum PL efficiency enhancement of about 11 x at a 
strain level of 1. 71 %. This enhancement value should be interpreted as a lower bound, 
since the corresponding strained PL spectrum extends past the 2.6-l.lm cutoff of our 
detection system. For the same reason, slightly smaller values are obtained with the 
higher-strain spectra, which are red-shifted even further. By comparison, in our prior 
work involving NM without gratings, a maximum enhancement of only about 4x was 
measured under similar conditions (see Figure 5.5), limited by the inefficient collection 
of the cr-LH luminescence. The results presented in Figure 7.17 therefore further 
substantiate the ability of tensile strain to enhance the radiative properties of Ge NMs. 
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Figure 7.17 Strain-resolved PL spectra of the sample of Figure 7.16 measured with higher 
average pump power, 3.5 mW. The dashed lines show the TM-polarized cavity resonances of the 
grating at the r point of the photonic band structure in the spectral vicinity of the cr-LH emission 
as computed via FDTD simulations. The blue arrows indicate the shoulder that originates from 
the strain nonuniformity caused by the pillars. 
Similar to the PL spectra of NMs coated with a-Si pillars (Figure 7.1 0), a short 
wavelength shoulder is also observed in the high-strain spectra of Figure 7.17 at around 
1.7/lffi, as indicated by the arrows. The existence of this shoulder independent from the 
pillar material confirms that it originates from the previously mentioned strain saturation 
that occurs in the Ge regions underneath the thick pillars. 
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7. 5.1 Observation and Characterization of Photonic-Crystal Cavity Modes in Square-
Periodic Arrays 
In addition, two relatively narrow features can also be seen superimposed to the cf-LH 
contribution in the high-strain spectra of Figure 7.17, centered at constant (i.e. , strain 
independent) wavelengths of 2.27 ).!ill and 2.45 )liD, respectively. These features, which 
are also visible in Figure 7 .16, are attributed to cavity resonances of the photonic crystal 
slab formed by the pillar array. In a simple picture, light emitted at these wavelengths can 
be reflected back and forth in the plane of the NM via second-order diffraction by the 
array, leading to cavity enhanced emission. For a more quantitative interpretation, we 
have investigated the photonic band structure of the sample under study, using a 
commercial FDTD simulation package (Lumerical) with the geometrical parameters and 
index values mentioned previously. The vertical dashed lines in Figure 7.17 indicate the 
calculated wavelengths of the [-point TM modes in the spectral region of the cf-LH 
emission, as computed with a two-dimensional model based on the effective-index 
approximation. A fair agreement with the measured resonances is obtained, with the 
observed discrepancies likely due to the implicit assumptions of this model. 
Specifically, in our simulations the 3D geometry of the structure under study has been 
converted into a 2D geometry for the purpose of reducing the calculation time. In 
particular, the third dimension (related to the finite thickness of the arrays) has been 
excluded from the calculations utilizing the effective index approximation, as shown in 
Figure 7.18. 
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Figure 7.18 Left panel: cross sectional view of the 3D PI I Ge NM I anay I PI structure under 
study. Right panel: conesponding 2D geometry based on the effective index approximation. 
In the 2D calculations, the pillars are approximated by means of circles with an average 
diameter Dav in between Dbase and Dtop ( i.e. the actual diameters of the bottom and top 
surfaces of the pillars as inferr-ed from the SEM images). Ultimately, the exact value of 
Dav is chosen so as to maximize the agreement between the calculated and measured 
resonance wavelengths. The indices nefl and nep defmed in Figure 7.18 are determined by 
calculating the effective refractive indices of the fundamental TM modes of waveguides 1 
and 2, respectively, at a free space wavelength of around 2 j..lm. These planar waveguide 
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simulations are carried out based on the finite element method, with a refractive index of 
4.1 and 1.7 for Ge and PI, respectively. As a result of these approximations, the 2D 
geometry shown on the right panel of Figure 7.18 is obtained, and the photonic band 
structure of this geometry is then solved via FDlD simulations. The frequencies of the 
two TM modes at the r point of the calculated band structure in the spectral vicinity of 
the cr-LH emission are shown by the dashed lines in Figure 7.17. The frequencies of 
these modes are in good agreement with the frequencies of the observed resonances. 
Additional evidence of the observation of such cavity modes is given in Figure 7.19, 
where we plot the strain-resolved PL spectra measured with a different sample having 
smaller array period (1 085 nm) and smaller column diameter (500 nm at the base of the 
pillars). As in Figure 7.17, two relatively narrow strain-independent features are again 
observed, but at lower wavelengths (1 .87 f.!m and 1.97 f.!ID), consistent with the reduced 
array periodicity of this sample and in reasonably good agreement with the FDTD 
simulation results (again indicated by the dashed lines). The strain values shown 'next to 
each curve are again determined by comparing the measured cf-HH emission peak 
position with the calculated strain dependent bandgap energy between r and HH bands. 
We also note that in the high-strain PL spectra of Figure 7.19, the long-wavelength cf-
LH luminescence is observed only in the form of a shoulder as in the case of the NMs 
without gratings [see Figure 5.2(a)]. The grating in this case does not result in an 
increased collection of the in-plane emitted light because of its smaller period A and 
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proportionally smaller Bragg wavelength nefJA :::::: 1.9 J..Lm (away from the high-strain cf'-
LH emission band). 
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Figure 7.19 Strain-resolved PL spectra of a 30-nm Ge NM patterned with an array of a-Ge pillars, 
which are 500 nm in base diameter, 300 nm in height, and 1085 nm in period. The average pump 
power is 3.5 mW. The dashed lines show TM-polarized cavity resonances of the grating at the r 
point of the photonic band structure. The estimated biaxial tensile strains in the NM are 
determined by comparing the spectral positions of the short-wavelength emission peaks (infen-ed 
from multiple-Gaussian fits) with strain dependent theoretical cf'-llli bandgap energy. 
Finally, in Figure 7.20 we show similar data obtained with another sample featuring taller 
(500 nm) pillars with larger (780 nm) base diameter and intermediate (1145 nm) period. 
An SEM image of this sample is shown in Figure 7.21. By virtue of the larger thickness 
and higher fill factor (i.e., higher average refractive index) of the array, this sample 
supports more tightly confined TM modes that can be more effectively diffracted by the 
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pillars. Correspondingly, the high-strain emission spectra are now fully dominated by a 
cavity resonance at 2.24Jlm near the peak of the cr-LH luminescence. 
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Figure 7.20 Strain-resolved PL spectra of a 30-nm Ge NM patterned with an array of a-Ge pillars, 
which are 780 nm in base diameter, 500 nm in height and 1145 nm in period. The average pump 
power is 3.5 mW. The dashed lines show TM-polarized cavity resonances of the grating at the r 
point of the photonic band shucture. The estimated biaxial tensile strains in the NM are 
determined by comparing the spectral positions of the short-wavelength emission peaks (inferred 
from multiple-Gaussian fits) with strain dependent theoretical cr-HH bandgap energy. 
103 
1 iJm Mag= 10.44 K X EHT = 5.00 kV Signal A= SE2 Signal B = In lens~ 
I Jvo = 14.7 mm Aperture Size= 20.00 iJm Stage at T = 59.3 " Date :1 Jul 2013 .. 
Figure 7.21 SEM image of an a-Ge grating fabricated on top of a 30-nm Ge NM. The pillars with 
sloped side walls are 780-nm in base diameter, 500 nm height, and 1145 nm period. 
7. 5.2 Observation and Characterization of Photonic-Crystal Cavity Modes in 
Triangular Arrays 
Finally, I have also fabricated a triangular lattice of a-Ge pillars on a 60-nm thick Ge NM. 
In general, this geometry is potentially advantageous for the application of interest in this 
work, as it can provide a larger filling factor (i.e. stronger optical confinement) compared 
to the square lattices considered so far. Figure 7.22 shows an SEM image of this 
triangular array of a-Ge pillars, which are 750-nm in base diameter, 700-nrn in height, 
and 1150-nrn in period. Similar to the previous samples, the pillars are encapsulated in a 
~3-J-Lm thick PI layer, and strain-resolved PL measurements are performed. 
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Figure 7.22 SEM image of a triangular a-Ge grating fabricated on top of a 60-nm Ge NM. The 
pillars are 750-nm in base diameter, 700 nm height, and 1150 nm period. 
Figure 7.23 shows the strain-dependent PL spectra of this NM measured with an average 
pump power of3.5mW. Figure 7.23(a) shows the spectra obtained with a gas pressure of 
0-60 PSI appiied in the sample holder, while Figure 7.23(b) shows the spectra for 60-90 
PSI. The spectra continue to red-shift with increasing stress, and three well-resolved 
cavity modes are observed. The measured resonance positions are in good agreement 
with the calculated values, shown by the red dashed lines, which were obtained via 3D 
FDTD simulations as will be discussed later. In particular, the observation of the very 
strong resonance at ~ 2200 nm confirms the advantages of the triangular lattice, as 
explained in the previous paragraph, in terms of providing stronger diffraction than the 
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square lattice. The analysis of the data of Figure 7.23 also shows that the PL efficiency is 
enhanced by ~20x when the pressure is increased from 0 to 90 PSI. This is much larger 
than the maximum enhancement that we obtained with square lattices (~11x). 
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Figure 7.23 Strain-resolved PL spectra of the sample of Figure 7.22 for an applied gas pressure 
of (a) 0-60 PSI and (b) 60-90 PSI. The spectra are vertically shifted relative to one another for 
illustration clarity. In (b) the red arrows show the cavity modes of the pillars superimposed to the 
cr-LH emission peak of the Ge NM. 
In the highest-pressure (90-PSI) spectrum of this NM is compared with the spectrum of 
an unpattemed 40-nm NM measured tmder the same straining condition with a similar 
average pump power of 3 m W. This comparison demonstrates that the presence of the 
pillars results in a PL enhancement of 11 x. Furthermore, Figure 7 .24(b) shows that the 
PL intensity obtained from the NM with the triangular pillar array pumped at much lower 
average pump power (0.2 m W) becomes comparable to that obtained from the 
unpattemed NM excited with 3.5mW average pump power. Another main difference is 
that the PL of the sample with the triangular lattice is fully dominated by the cr-LH 
emission peak, with the cr-HH contribution only appearing in the form of a shoulder. 
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This is in contrast to the spectrum obtained with the unpattemed sample, which IS 
dominated by the cr-HH emission. 
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Figure 7.24 (a) Comparison of the PL spectra from an unpattemed Ge NM (black symbols) and 
from a NM coated with a triangular lattice of pillars (red symbols), measured with comparable 
pump powers (3 and 3.5 mW, respectively). (b) Comparison of the PL spectra from an 
unpattemed NM measured with 3 mW pump power (black symbols) and from a NM coated with 
a triangular lattice of pillars pumped with 0.2 mW incident pump power (red symbols) . The NMs 
are under the same straining conditions in both figures . 
The low-power spectra of the triangular-lattice sample demonstrate another exciting 
feature, as illustrated in Figure 7.25 where the 60, 75 and 90 PSI data are plotted together 
with their corresponding Gaussian fitting curves. These data show a very narrow cavity 
resonance (pointed by the arrows) at around 2070 nm, with a spectral width of around 55 
run as determined from the fitting curves. This value is much narrower than the width of 
the resonances obtained from the NMs patterned with square lattices. 
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Figure 7.25 Low-power PL spectra of a 60-nm NM patterned with a triangular lattice of a-Ge 
pillars. The corresponding average incident pump powers and applied gas pressures are shown in 
each panel. The symbols are the measured data while the solid lines are Gaussian fitting curves. 
The blue arrows point to the narrow cavity mode with a width of 55 nm. 
Furthermore, the multiple Gaussian fitting of these low-power spectra allow us to 
determine the cr-HH emission peak position, which can then be used to infer the strain 
introduced in the NM as a function of pressure. In Figure 7.25(c), the cr-HH emission 
peak corresponds to the shortest-wavelength fitting curve, and is peaked at 1922 nm. This 
value corresponds to a strain level of 1.95% when compared with the calculated cr-HH 
bandgap energy of Ge as a function of strain. This strain level is higher than the threshold 
for direct-bandgap behavior; therefore we can conclude that direct-bandgap Ge has been 
obtained in a 60-nm-thick NM. Importantly, this thickness is larger than the maximum 
value that can reach the direct-bandgap threshold before the onset of plastic deformation, 
as estimated in Chapter 4 (about 40 nm). We believe that the NM strain nonuniformity 
caused by the pillars is advantageous in this respect, in the sense that the small NM area 
· in between neighboring pillars can be strained to a higher level than the large area of the 
unpattemed NMs. As a result we can obtain direct-bandgap Ge with thicker NMs. 
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The narrow cavity modes observed in Figure 7.25 were further analyzed via full 3D 
simulations utilizing a commercially available FDTD simulation package (Lumerical). In 
this case, the layer thicknesses in the out-of-plane direction are also included in the 
simulation; therefore the results are expected to be more accurate than the ones obtained 
with the 2D simulations based on the effective-index approximation. The pillars are 
assumed to be cylindrical and their diameter is used as a fitting parameter to get the best 
agreement between the calculated and measured resonance positions. Figure 7.26(a) 
shows the calculated TM-polarized modes at the r-point of the photonic band structure 
for a triangular lattice of a-Ge pillars that are 580-nm in diameter, 1150-nm in period, and 
700-nm in height. The thickness ofthe underlying Ge NM is 60-nm, and the NM/grating 
structure is encapsulated in a thick layer of PI on both sides. The spectral widths of the 
measured and calculated resonances are comparable for the modes at 1980 nm and at 
2070 nm; however, the measured resonance at 2240 nm is much broader than the 
calculated one. This discrepancy is attributed to a strong nearby TE resonance, shown by 
the red solid line in Figure 7 .26(b ), which was calculated with the simulated region 
excited by unpolarized dipoles. This strong resonance can be expected to feature 
prominent in our PL measurements, where TE-polarized radiation is readily detected. 
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Figure 7.26 (a) TM-polarized !-point cavity modes of a triangular lattice of a-Ge pillars that are 
580-nm in diameter, 1150-nm in period, and 700-nm in height, calculated via 3D FDTD 
simulations. (b) Red line: r -point resonances of the same structure calculated with unpolarized 
dipoles. Black line: same spectrum shown in (a). The blue arrow indicates the peak position of the 
measured long-wavelength resonance. 
From the spectral width of the measured and calculated resonances we can estimate the 
quality factor ( Q) of the corresponding cavity modes. In general, the Q factor of an optical 
resonator measures the fraction of the energy stored in the resonator to the energy 
dissipated through absorption and radiation losses. The individual contributions of these 
different loss mechanisms add up to produce the total quality factor (Qrotai) as follows : 
1 
Qrotal 
1 1 
----+----
QRadiation QAbsorption 
Qrotai can be obtained from the experimental data using the expression 
(il) QTotal = -f.il Measured 
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(7.6) 
(7.7) 
where It is the center wavelength of the resonance peak and L1/t is its linewidth. 
Furthermore, since the absorption losses are ignored in the simulations, we can write 
Q Radiation = (:J Calculated (7.8) 
Eqs. (7.6)-(7.8) allows us to determine the radiation and absorption losses from the 
measured and calculated spectra. For the measured resonance shown by the arrows in 
Figure 7.25, Qratal is determined to be 35, while QRadiatian of this resonance equals to 64 as 
determined from the width and peak position of the middle resonance in Figure 7.26(a). 
The stored energy in a resonator is lost at a rate of cafvo per cycle of oscillations, where 
c is the speed of light, a is the loss coefficient per unit length and vo is the resonance 
frequency. Therefore, from the definition of Q, the loss coefficient can be computed as 
follows 
2rr 
aTotal = 1 Q = aRadiation + aAbsorption 
/l Total 
2rr + 2rr 
AQRadiation AQAbsorption 
(7.9) 
For the resonance at 2070 nm, Eq. (7.9) gives aratai = 1490 cm-1. The radiation loss 
contribution is determined with the same equation using to be 815 cm-1, based on the 
inferred QRadiatian of the same resonance. Therefore, the remaining contribution of 675 
cm-1 originates from absorption in the NM and in the a-Ge pillars. These structures didn't 
provide lasing because the total loss of 1490 cm-1 is over an order of magnitude larger 
than the modal gain provided by the Ge NM. 
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In any case, the observation of strong r -point modes with periodic arrays fabricated on 
top of Ge NMs is promising for the future demonstration of band-edge Ge NM lasers 
compatible with the flexibility requirements of mechanically stressed active layers. 
Possible avenues to decrease the cavity losses to the required values are discussed in the 
next chapter. 
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CHAPTERS 
Conclusions and Outlook 
In this thesis I have focused on the development of group-IV light emitters operating in 
the atmospheric transmission window of 2.1-2.5-!-lm, which is technologically important 
for biochemical sensing applications. For this purpose, Ge was selected as the material of 
choice, and tensile strain was utilized to improve its radiative efficiency. The gain 
spectrum of tensilely strained Ge was calculated based on effective mass approximation, 
and gain coefficients as high as a few hundred cm-1 were predicted under sufficiently 
high strains. These peak gain coefficients and the transparency carrier densities inferred 
from the simulations are close to the values that can be obtained with traditional III-V 
semiconductor gain media. Motivated by these results, Ge NMs with thicknesses of a few 
ten nm were fabricated and transferred on flexible polyimide substrates, and their room-
temperature light emission properties were investigated via PL measurements. The 
ultrasmall thicknesses of the NMs are critically important in this context, as they make it 
possible to introduce high enough strain levels to invert the material without the need of 
doping. 
The strain-resolved room-temperature PL measurements demonstrated a strong red-shift 
and intensity enhancement with increasing strain. The peak positions of the PL spectra 
are in good agreement with the strain dependent bandgap energies of Ge calculated via 
deformation potential theory. Direct-bandgap Ge was achieved by straining a 24-nm NM 
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up to 2% without extended defect formation. Furthermore, a strain-induced PL intensity 
enhancement by a factor of around 4 was demonstrated with a 40-nm NM. Calculations 
indicate that at the same strain level, a much stronger enhancement of about 20 should be 
achieved, most of which is due to TM-polarized light emission involving LHs. However, 
TM polarized photons propagate in the plane of the sample and cannot be detected in our 
vertical emission PL setup, which explains the smaller measured enhancements. The 
high-strain PL spectra further analyzed by comparing them with the calculated 
spontaneous emission spectrum of Ge to determine the generated carrier density during 
the PL measurements. A peak gain coefficient of up to 250 cm-1 was calculated from the 
inferred carrier density, indicating the formation of population inversion in highly 
strained NMs through the TM-polarized cf-LH transitions. 
As a further step towards the demonstration of stimulated emission from these NMs I 
have developed NM samples involving 2D periodic structures acting as photonic-crystal 
cavities. Square and triangular gratings of pillars made with several different materials 
were fabricated on Ge NMs, and strain-dependent PL measurements from these samples 
were carried out leading to promising results. In particular, a large PL intensity 
enhancement of around 20x was demonstrated with a 1.95%-strained 60-nm-thick Ge 
NM patterned with a triangular lattice of a-Ge pillars. Furthermore, narrow r -point cavity 
modes were resolved in the PL spectra of similar NMs. However, stimulated emission 
was not observed from these samples, which is due to exceedingly large absorption and 
radiation losses, as inferred from a detailed analysis of the experimental spectra based on 
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3D FDTD calculations. The losses can be reduced by designing a photonic crystal cavity 
with higher Q factor for its r -point modes, and by decreasing the absorption coefficient 
of the pillars. Two different techniques can be utilized for the latter purpose, which I 
recommend as a future study in this project. 
First, hydrogen incorporation during the deposition of a-Ge could be used to passivate the 
defect states inside the bandgap, with a resulting decrease in the absorption coefficient at 
the predicted lasing wavelengths (2.1-2.4 ).liD) of Ge NMs. This is a powerful technique 
to significantly reduce absorption, as we already demonstrated in the case of a-Si:H films 
deposited by sputtering. Similar results are predicted from the a-Ge films deposited bye-
beam evaporation in an hydrogen environment. Another option could be a high-
temperature annealing process in an hydrogen environment after fabrication of the 
gratings. However, the annealing temperatures cannot exceed the glass transition 
temperature of PI (350 C). If it turns out that higher temperatures are needed, then the 
gratings could be fabricated on GOI and the annealing performed before the NM/grating 
structure is released and transferred onto PI. 
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Figure 8.1 A possible fabrication flow for a future demonstration of lasing from Ge NMs 
Another promising fabrication process involves the development of gratings usmg a 
single-crystal material lacking interband defect states and with sufficiently large bandgap 
energy. In particular, single-crystal Si gratings could be realized following the fabrication 
flow shown in Figure 8.1. Here, a thick Si membrane ( ~500-rnn-thick) is initially released 
and transferred onto a GOI substrate using the previously mentioned wet transfer or dry 
printing techniques. Next, PMMA is spun on the sample and the grating structure is 
patterned in the Si using EBL. After development of exposed PMMA, metal deposition is 
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utilized followed by lift-off. Next, reactive ion etching (RIE) is used to define single-
crystal Si pillars using the metal as the etching mask. The final step will be to release the 
Ge NM with the pillars on top and transfer it onto a PI film. This fabrication flow will 
results in the fabrication of lossless pillars with refractive index of around 3.5, which is 
sufficiently high to provide reasonable mode confinement. Furthermore, the side walls of 
the pillars can be made vertical using an anisotropic etching recipe · in RIE. The most 
challenging part of the flow is the last step, which is the release and transfer of the Ge 
NM with the pillars on top. Nevertheless, I expect that future demonstration of lasing 
from strained Ge NMs is possible through the fabrication of such low-loss 2D gratings, 
since highly strained NMs can then provide sufficiently high optical gain. 
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